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ABSIKACI 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  second  year  of  a  three  year  program  on  "Piezoelectric 
and  Electrostrictive  Materials  for  Transducer  Applications"  sponsored  under  grant  No. 
N00014-89-J-1689  from  the  Office  of  Naval  Research. 

Highlights  of  the  year's  activity  include;  Participation  of  a  number  of  senior  faculty  in 
program  to  better  define  the  role  of  ferroelectrics  in  "smart  materials"  and  the  manner  in  which 
these  developing  interests  will  impact  the  needs  for  transducers  as  both  actuators  and  sensors. 
New  progress  has  been  made  with  the  flextensional  (moonie)  type  structures  and  with  the 
evolution  of  the  1  :  3  composites  towards  commercial  development  as  large  area  actuators. 

The  year  has  seen  major  advance  in  the  understanding  of  the  relaxor  type  ferroelectrics 
which  are  most  useful  as  dielectrics  and  electrostrictors.  It  has  become  clear  that  the  original 
superparaelectric  model  is  only  a  first  approximation  valid  for  the  very  high  temperature 
behaviour  and  that  in  fact  both  the  Lead  magnesium  niobate  and  the  PZT  materials  are  close 
analogues  of  the  magnetic  spin  glasses.  Interaction  between  the  polar  micro-regions  leads  to  a 
Vogel-Fulcher  like  slowing  down  and  freezing,  and  provides  understanding  of  the  micros  to 
macrodomain  transitions,  the  hysteretic  behaviour  and  the  coupled  elastic  responses. 

An  essential  component  of  the  program  is  the  excellent  capability  in  synthesis  and 
processing  which  has  been  developed  to  provide  the  many  new  compositions  and  controlled 
microstructures  which  are  essential  for  the  proper  understanding  of  the  properties. 

The  report  gives  a  brief  narrative  description  of  the  researches  which  are  more  fully 
documented  in  the  published  papers  of  the  technical  appendices. 
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A  DIPOLAR  GLASS  MODEL  FOR 
LEAD  MAGNESIUM  NIOBATE 
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The  static  polarization  of  lead  magnesium  niobate  relaxors  has  been  studied 
using  a  standard  Sawyer-Tower  circuit.  The  square  to  slim  loop  hysteresis 
transition  was  phenomenologically  modelled  by  modifying  Neel's  equation  for  the 
magnetization  of  a  superparamagnet  (1)  to  a  similar  relationship  for  a 
superparaelectric.  A  temperature  dependent  internal  dipole  field  was  included  to 
account  for  cluster  interactions.  The  slim  loop  polarization  curves  were  found  to 
scale  to  E/(T-Tf),  where  E  is  the  electric  field  and  Tf  a  freezing  temperature.  A 
glassy  character  was  subsequently  proposed  to  exist  in  the  zero  field  cooled  state 
with  local  dipole  fields  between  superparaelectric  moments  controlling  the  kinetics 
of  the  polarization  reversals  and  the  freezing  process.  Recent  quasielastic  neutron 
scattering  results  (2)  have  been  interpreted  to  support  this  model. 


I.  INTRODUCTION 
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Lead  Magnesium  Niobate  (PMN)  is  a  relaxor  ferroelectric.  Relaxors  are 
characterized  by  a  dispersion  of  the  dielectric  permittivity,  and  an  inability  to  sustain 
a  macroscopic  polarization  until  temperatures  significantly  below  the  permittivity 
maximum  (Tmax)-  Bums  (3,4)  has  shown  that  a  local  polarization  exists  to 
temperatures  far  above  Tmax  indicating  that  the  local  symmetry  is  lower  than  the 
global.  Randall  (5)  and  Harmer  (6)  have  shown  in  PMN  that  there  is  a  partitioning 
on  the  nanometer  scale  into  clusters  which  are  chemically  ordered  and  disordered. 
Cross  (7)  suggested  that  the  size  of  these  cluster  is  such  that  the  polarization  may  be 
thermally  reversible,  analogous  to  superparamagnetism  (1).  He  ha:  recently 
proposed  that  a  coupling  between  polar  clusters  controls  the  kinetics  of  the 
polarization  fluctuations  and  the  development  of  a  frustration  near  a  freezing 
temperature  (Tf),  similar  to  spin  glasses  (8).  Tf  was  determined  by  analyzing  the 
frequency  dispersion  of  Tmax  with  the  Vogel-Fulcher  relationship,  and  was  shown 
to  agree  with  the  temperature  at  which  a  stable  remanent  polarization  collapsed. 
Similar  phenomenological  modelling  has  been  used  in  spin  glasses  (9,10). 

In  the  zero  field  cooled  (ZFC)  state  the  structure  of  a  relaxor  appears  cubic 
indicating  that  the  scale  of  the  polar  behavior  is  smaller  than  the  coherence  length  of 
x-rays,  however  in  the  field  cooled  (FC)  state  the  structure  appears  rhombohedral. 
Optical  microscopy  reveals  no  domain  structure  in  the  ZFC  state,  but  normal 
micron-sized  domains  are  observed  in  the  FC  state.  Cross  (1 1)  has  investigated  the 
field  dependence  of  the  dielectric  and  elastic  responses.  He  found  the  maximum 
nonlinearities  near  Tf.  Bokov  and  Myl'nikova  (12)  and  Smith  (13)  have  previously 
investigated  the  static  polarization.  They  found  a  large  hysteresis  at  lower 
temperatures,  but  with  increasing  temperature  it  decreased;  i.e.  the  so-called  square 
to  slim  loop  transition. 


Spin  glasses  are  magnetic  systems  which  cannot  establish  long  range 
magnetic  ordering  in  the  7FC  state  due  to  some  form  of  a  chemical  or  structural 
inhomogeneity.  The  glassy  behavior  is  believed  to  arise  due  to  competing 
interactions  between  magnetic  moments  resulting  in  a  freezing  of  the  magnetization 
reversals  below  a  characteristic  temperature  (Tf).  Freezing  has  been  shown  to  occur 
due  to  random  fields  between  clusters  (14,15)  and  a  competition  between 
ferromagnetic  and  antiferromagneiic  exchanges  (16,17).  The  FC  state  exhibits 
behavior  resembling  a  normal  ferromagnet  below  Tf,  i.e.  irreversibility  and 
hysteresis  (18). 

II.  EXPERIMENTAL  PROCEDURE  and  RESULTS 

The  samples  used  in  this  study  were  PMN  ceramics  with  10  at.%  PT  (PMN- 
lOPT).  They  were  prepared  as  described  by  Pan  and  Cross  (19).  The  samples  were 
free  of  ageing  as  described  by  Pan  (19),  were  free  of  pyrochlore  as  described  by 
Shrout  (20),  they  were  of  dimensions  1cm  x  0.5cm  x  0.03cm,  and  were  electroded 
with  gold.  The  hysteresis  loops  were  measured  as  a  function  of  temperature  using  a 
standard  Sawyer  and  Tower  circuit.  Measurements  were  made  between  150  and 
-50OC  on  cooling.  The  samples  were  allowed  to  equilibrate  for  30  minutes  at  each 
temperature.  The  cycling  frequency  was  50  Hz,  and  the  maximum  bias  applied  was 
20  kV/cm.  To  decrease  the  low  frequency  impedance,  a  large  capacitance  (10  ^F) 
was  placed  in  series  with  the  sample. 

Static  polarization  curves  are  shown  in  Figures  l(a)-(d)  at  measurement 
temperatures  of  -50, 10,  50,  and  1 10®C  respectively.  The  experimental  data  are  the 
closed  circles,  and  the  solid  line  is  a  phenomenological  model  which  will  be 
presented.  The  square  to  slim  loop  hysteresis  transition  is  evident  in  the  figures. 
The  polarization  behavior  became  hysteretic  near  and  below  Tmax-  The  saturation 
polarization  was  approximately  20  C/m^  at  lower  temperatures.  It  was  not  possible 
to  drive  the  sample  into  saturation  at  higher  temperatures  because  breakdown 


occurred.  Above  25^C  the  remanence  was  so  small  that  determination  of  the 
coercive  field  was  difficult,  but  at  lower  temperatures  it  increased  rapidly. 

III.  DISCUSSION 

In  systems  consisting  of  nano-scale  ferromagnetic  or  ferroelectric  clusters  the 
thermal  energy  of  the  particle  can  strongly  influence  the  macroscopic  magnetic  or 
polar  properties.  These  clusters  are  designated  as  superparamagnetic  or 
superparaelectric,  respectively.  The  magnetic  behavior  with  no  anisotropy  can  be 
described  by  a  Langevian  function,  but  real  systems  have  an  anisotropy  which  acts 
as  an  energy  barrier  for  reorientation  as  originally  proposed  by  Neel  (1).  The 
polarization  behavior  of  an  ensemble  of  uniform  non-interacting  clusters  having 
uruaxial  symmetry  can  be  described  by  equation  1(1); 


where  p  is  the  reduced  polarization,  E  the  electric  field,  P  the  moment  of  the  cluster, 
and  kT  the  thermal  energy.  A  consequence  of  equation  1  is  that  the  polarization 
curves  at  different  temperatures  should  superimpose  when  plotted  against  E/T,  the 
analogous  behavior  has  been  observed  for  numerous  supeiparamagnets  (21,22,23). 
The  implication  of  the  superposition  is  that  at  higher  temperatures  it  takes  more 
electrical  energy  to  align  the  moments  against  the  thermal  energy.  The  slim-loop 
hysteresis  curves  of  PMN-IOPT  did  not  superimpose  when  plotted  against  EfT  as 
shown  in  Figure  2,  p  is  obviously  more  strongly  temperature  dependent.  This  may 
be  a  reflection  of  interactions  between  polar  regions.  Interactions  might  be 
accounted  for  by  including  a  phenomenological  freezing  temperature.  Tf  has  been 
previously  estimated  as  IS^C  for  PMN-IOPT  (8).  The  polarization  curves  plotted 
as  a  function  of  E/(T-Tf)  are  shown  in  Figure  3.  It  is  obvious  that  the  polarization 

curves  nearly  superimpose. 


Interactions  between  superparamagnedc  clusters  have  been  reported  to  alter 
magnetization  curves.  Local  internal  Lorentz  fields  have  been  used  to  obtain  an 
understanding  of  the  magnetic  behavior  in  these  systems  (24,25).  A  relationship  for 
a  superparaelectric  cluster  having  rhombohedral  symmetry  including  an  internal 
dipole  field  is  given  in  equation  2; 


sir 

JP(E+  op)! 

3 _ kL 
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cosh 
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+  3cosh 
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where  p  is  the  reduced  polarization,  and  a  the  internal  field.  The  hysteresis  curves 
were  modelled  by  a  nonlinear  least  squares  Htting  to  equation  2,  shown  as  the  solid 
lines  in  Figures  l(a)-(d).  The  fitting  was  done  by  allowing  the  temperature  changes 
to  be  absorbed  by  a.  P  can  be  approximated  as  PsV,  where  Ps  is  the  saturation 
polarization  and  V  the  cluster  volume.  Ps  is  approximately  20  C/m2,  and  the  cluster 
diameter  has  been  found  to  be  between  20  and  50  A®  (5,6).  Assuming  an  average 
diameter  of  35  AO,  P  can  be  estimated  as  5xl0'25  C-cm.  A  normalized  internal  bias 
(Y=Pa/kT)  as  a  function  of  temperature  is  shown  in  Figure  4.  The  reduced 
remanent  polarization  (pr)  can  be  approximated  by  setting  E=0  in  equation  2. 
Nonzero  solutions  for  pr  will  only  exist  when  7>4  which  occurred  between  10  and 
20°C.  pr  as  a  function  of  temperature  is  shown  as  the  inset  of  Figure  4.  The 
temperature  dependence  of  pr  was  calculated  by  using  the  experimental  values  for  y, 
but  close  to  Tf  y  was  determined  by  interpolation.  These  results  are  consistent  with 
the  experimental  polarization  (8,12). 

The  magnetization  and  polarization  of  spin  and  dipole  glasses  are  known  to  be 
irreversible  below  Tf  (18,26,27,28).  The  irreversibility  is  believed  to  arise  due  to 
the  onset  of  nonergodicity.  In  particular  if  Sawyer-Tower  measurements  are  made 
hystersis  is  observed  (18,28).  This  hystersis  has  been  shown  to  decrease  with 


temperature  (29),  somewhat  similar  to  PMN.  The  scaling  of  the  polarization  to 
E/(T-Tf)  in  PMN-IOFT  is  strongly  suggestive  of  a  glassy  mechanism,  whereas  the 
polarization  equation  of  state-^t^  derived  for  a  rhombohedral  superparaelectric 
moment.  Binder  and  Yowfj^l) ^ve  suggested  that  interacting  superparamagnetic 
moments  should  be  treated  as  spin  glasses.  It  is  proposed  that  the  polarization  of  the 
lelaxor  is  glassy  due  to  interactions  between  superparaelectric  moments.  In  the  ZFC 
state,  the  lack  of  macroscopic  polarization  indicates  that  the  moments  freeze  into 
random  orientations  devoid  of  long  range  order.  Local  dipole  fields  may  try  to 
polarize  neighboring  moments  over  a  distance  of  a  correlation  length,  as  illustrated 
in  Figure  5.  But  if  the  dispersion  in  the  fields  is  larger  than  the  average  field,  long 
range  ordering  is  impossible.  In  the  FC  state  the  moments  freeze  into  ordered 
configurations,  charateristic  of  a  normal  ferroelectric.  A  somewhat  similar 
superpara-glassy  model  has  been  proposed  for  Ki-xLixTaOs  (KTL),  for  x=0.026 
(27). 

Recent  quasielasdc  neutron  scattering  (QES)  results  (2)  on  PMN  revealed  a 
temperature  dependent  correlation  length  (X)  similar  to  spin  glasses  (30),  shown  in 
Figure  6.  Near  400OK,  X  was  50  A®  which  is  approximately  equal  to  the  cluster 
size  observed  by  TEM  (4,5).  In  the  temperature  interval  below  2250K,  X  was 
nearly  temperature  independent  with  a  maximum  value  of  200  A^.  This  data  can  be 
interpreted  to  support  the  hypothesis  that  relaxors  are  interacting  superparaelectric 
moments.  The  scale  of  X  supports  the  argument  that  the  glassy  character  arises  due 
to  random  fields  between  moments  on  the  mesoscopic  level.  The  agreement  of  X 
with  the  average  size  of  the  clusters  at  higher  temperatures  supports  the  argument 
that  the  moments  are  decoupled  from  each  other  behaving  as  ideal 
superparaelcctrics.  On  cooling  X  increased  supporting  the  model  of  a  temperature 
dependent  internal  field  which  couples  the  nwments  more  strongly.  For  comparison 
Tf  has  been  estimated  to  be  2170K  by  analyzing  the  dispersion  of  Tmax  using  the 


Vogel-Fulcher  relationship,  shown  as  the  solid  line  in  the  inset  of  Figure  6.  This  is 
close  in  temperature  to  the  saturation  of  X,  a  strong  broadening  of  the  relaxation 
time  distribution  (31),  and  the  collapse  of  the  remanent  polarization.  This  indicates 
that  the  saturation  of  X  at  200  may  occur  by  the  system  freezing  into  local 
configurations  of  moment  orientations,  possibly  by  balancing  the  average 
orientation  of  nearest  and  next  nearest  neighbors  effectively  charge  compensating 
the  local  polarization. 

Various  reasons  have  been  proposed  to  explain  the  existence  of  short  range 
order  in  dipolar  glasses.  The  glassy  behavior  in  KTL  is  believed  to  arise  by  a 
coupling  of  the  Li  defect  structure  to  a  soft  mode  lowering  the  local  symmetry  and 
stabilizing  ferroelectric  clusters  (32,33).  In  KCl:OH*,  OH*  dipoles  are  believed  to 
exist  which  have  six  orientations;  local  dipole  fields  are  believed  to  couple  the 
moments  resulting  in  glassy  behavior  (34).  The  low  temperature  phases  of 
RbH2P04  (RDP)  and  (NH4)H2P04  (ADP)  are  ferro-  and  anti-ferroelectric, 
respectively;  frustrated  interactions  are  believed  to  lead  to  glassy  behavior  in  their 
solid  solution  (RADP)  (35).  PMN  is  probably  a  normal  ferroelectric  which  cannot 
establish  long  range  polar  order  due  to  gross  inhomogeneides,  i.e.  the  pardoning 
(phase  seperadon)  on  the  nanometer  scale  (5,6).  Local  polarizadon  may  form  where 
allowed  by  this  "fossil  chemistry"  via  local  ferroelectric  transidons,  dipole  fields 
between  moments  then  subsequendy  lead  to  glassy  behavior. 

V.  CONCLUSION 

Static  polarization  curves  for  PMN  were  parameterized  using  a 
superparaelectric  model  which  included  an  internal  dipole  field.  Local  randomly 
orientated  dipole  fields  between  superparaelectric  moments  are  believed  to  exist  in 
the  zero  field  cooled  state  leading  to  a  freezing  of  the  polarizadon  fluctuadons.  A 
dipole  glass  model  for  relaxors  was  subsequently  proposed. 
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LIST  OF  FIGURES 

Figure  1.  Polarization  curves  at  various  temperatures.  The  solid  points  are  the 
experimental  data  and  the  solid  line  is  the  curve  fitting  to  equation  2.  Figures  (a)-(d) 
are  at  measurement  temperatures  of  -50, 10, 50,  and  1  lO^C  respectively. 

Figure  2.  Reduced  polarization  plotted  as  a  function  of  the  temperature 
normalized  electric  field  at  various  temperatures.  The  arrow  visually  illustrates  the 
direction  of  increasing  temperature.  The  polarization  curves  shown  are  at 
temperatures  of  39,  48,  54,  59,  69,  86,  1  lO^C. 

Figure  3.  Reduced  polarization  at  various  temperatures  plotted  as  a  function  of 
E/(T-Tf)  where  Tf  is  the  freezing  temperature.  The  polarization  curves  shown  are  at 
temperatures  of  39,  48,  54,  59,  69,  86,  1 10®C. 

Figure  4.  Reduced  internal  field  (Y=Pa/kT)  as  a  function  of  temperature  where  Tf 
is  the  freezing  temperature.  The  inset  shows  the  reduced  remanent  polarization  (pr) 
as  a  function  of  temperature  as  calculated  from  equation  3. 

Figure  5.  The  correlation  length  as  determined  by  quasielastic  neutron  scattering 
as  a  function  of  temperature  where  Tf  is  the  freezing  temperature.  This  data  is  taken 
from  Vakrushev  (2).  The  inset  shows  the  modelling  of  the  frequency  dependence  of 
the  temperature  of  the  dielectric  relaxation  with  the  Vogel-Fulcher  relationship 
where  the  solid  points  are  the  experimental  data  and  the  solid  line  is  the  curve 
fitting. 

Figure  6.  Proposed  model  for  freezing  in  PMN  where  E  is  a  local  internal  dipole 
field  which  acts  to  couple  the  polar  clusters.  The  open  circles  represent  the  polar 
clusters. 
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ABSTRACT 

Non-linear  internal  friction  measurements  have  been  carried  out  on  lead 
magnesium  niobate  with  10  atomic%  lead  titanate.  The  purpose  of  these 
measurements  was  to  investigate  the  field  dependence  of  the  elastic  and  anelastic 
responses,  and  to  determine  how  the  response  depends  on  the  amplitude  of  an 
applied  stress.  The  linear  elastic  response  was  found  to  stiffen  at  all  bias  levels  with 
the  maximum  electroelastic  coupling  occurring  near  the  Vogel-Fulcher  freezing 
temperature.  A  strong  frequency  dependence  of  the  kinetics  of  the  anelastic 
relaxation  was  found  at  low  measurement  frequencies.  These  data  are  compared  to 
recent  high  frequency  results.  The  existence  of  an  inhomogeneous  internal  strain 
has  been  found  from  the  line  broadening  of  the  (220)  and  (321)  diffraction  peaks. 
On  application  of  an  electrical  field  the  internal  strain  is  relieved  by  the  development 
of  a  macrostrain  which  is  shown  to  be  the  clectrostricdve  strain.  It  is  proposed  that 
the  local  electrostrictive  strains  are  dynamic  in  nature  and  are  at  the  origin  of  the 
anelastic  relaxation.  Strong  elastic  non-linearities,  both  an  elastic  softening  and 
hardening  under  stress,  have  also  been  observed.  These  results  are  interpreted  as  a 
stress  activation  of  the  internal  deformation  process. 


I.  INTRODUCTION 

Lead  magnesium  niobate  (PMN)  is  a  classic  relaxor  ferroelectric.  Relaxors  are 
ferroelectric  materials  which  exhibit  a  diffuse  phase  transformation  in  which  there  is 
a  strong  frequency  dispersion  of  the  dielectric  response  at  temperatures  near  the 
permittivity  maximum  (Tpiax)-  On  hearing  from  a  poled  state  the  remanent 
polarization  ir  known  to  collapse  at  temperatures  significantly  below  the  permittivity 
maximum  (Bokov  and  Myl'nikova  1960).  The  depolarization  under  an  electric  field 
is  known  to  occur  over  a  broader  temperature  interval  (Xi,  Zhilli,  and  Cross  1983). 
An  RMS  polarization,  as  calculated  from  the  index  of  refraction,  is  known  at 
temperatures  far  above  Tmax  (Bums  and  Dacol  1983)  which  shows  that  a  local 
polarization  exists  to  much  higher  temperatures  than  that  which  a  macroscopic 
polarization  can  be  sustained.  Smolenski's  (Smolensk!  and  Agranovska  1960) 
original  model  of  relaxors  was  based  on  the  concept  of  local  variations  of  the 
transition  temperature  due  to  compositional  heterogeneity.  Randall  (Randall  and 
Bhalla  1989)  more  recently  has  observed  contrast  on  the  nanoscale  in  PMN  using 
TEM  which  he  believed  to  be  due  to  shon-range  chemical  ordering.  Cross  (Cross 
1987)  has  proposed  that  local  polar  regions  form  where  allowed  by  this  shon  range 
chemical  order,  i.e.  the  so  called  "fossil  chemistry",  by  a  lowering  of  the  local 
symmetry  through  ferroelectric  distortions.  He  has  further  proposed  that  the 
frequency  dispersion  arises  due  to  a  thermal  activation  of  the  direction  of 
spontaneous  polarization,  analogous  to  superparamagnetism.  The  frequency 
dispersion  of  Tmax  has  recently  been  found  to  exhibit  a  Vogel-Fulcher  type 
freezing  (Viehland,  Jang,  Wutrig,  and  Cross  1990a),  and  the  freezing  temperature 
was  found  to  correlate  with  the  collapse  of  the  remanent  polarization. 

Relaxors  are  known  to  have  a  large  electrostricrive  strain  (Jang  1979),  and  to 
be  strong  non-linear  materials  electrically  (Shrout  1980)  (Glass  1969).  The 
phenomena  underlying  the  dielectric  relaxation  then  might  also  be  reflected  into  the 


elastic  properties.  Yushin  (Yushin,  Smironova,  Dorogonsev,  Smirnov  and 
Galayamov  1987)  has  recently  investigated  the  anelastic  response  of  PMN  in  the 
megahertz  regime.  He  found  that  the  magnitude  and  kinetics  of  the  relaxation  were 
frequency  independent  Elastic  non-linearities  have  been  previously  known  to  arise 
from  domain  wall  motion  (Wuttig  and  Lin  1983)  and  nucleation  (Anning  and 
Wuttig  1984).  In  general,  these  elastic  non-linearities  are  believed  to  be  a 
macroscopic  reflection  of  a  strain  driven  microscopic  deformation  process.  The 
purpose  of  this  work  was  to  investigate  the  anelastic  response  in  the  low  frequency 
regime  and  to  determine  if  the  response  is  dependent  on  the  magnitude  of  the 
applied  stress,  i.e.  elastically  non-linear. 

11.  EXPERIMENTAL  PROCEDURE 

The  elastic  properties  were  studied  using  a  non-linear  internal  friction 
technique  developed  by  Wuttig  and  Suzuki  (Anning,  Suzuki,  and  Wuttig  1982).  A 
diagram  of  the  experimental  apparatus  is  given  in  Figure  1.  The  technique  uses  a 
long  thin  vibrating  reed  which  is  externally  driven  through  the  natural  resonance  by 
a  magnetic  gradient  acting  on  a  small  pennanent  magnet  attached  to  the  reed.  The 
mechanical  response  of  the  reed  to  the  driving  force  was  measured  capacitively  by 
pick-up  capacitors  using  a  technique  developed  by  Tomboulian  (Tomboulian  1961). 
The  samples  were  driven  into  the  non-linear  regime  which  resulted  in  asymmetric 
resonance  curves.  Measurements  were  made  using  increasing  and  decreasing 
frequency  sweeps  to  obtain  the  complete  asymmetry  of  the  resonance  curves.  The 
resonance  curves  were  then  analyzed  using  a  non-linear  least  squares  fit  to  an 
empirical  response  relationship  developed  by  Nayfeh  (Nayfeh  1979)  given  in 
equation  1; 
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where  coq  represents  the  resonance  firequency,  a  the  non-linear  elastic  constant,  5 
the  linear  anelastic  constant  (damping),  K  the  external  excitation,  and  a  the  RMS 
amplitude  of  vibration  of  the  sample. 

Resonance  curves  were  measured  as  a  function  of  temperature  on  heating 
between  250  and  420®K,  with  resonance  frequencies  of  approximately  10,  100, 
and  400  Hz.  Measurements  were  done  as  a  function  of  bias,  the  bias  levels  used 
were  0,  1,2,  3,  4,  5,  6,  7,  8,  10,  12,  and  15  KV/cm.  X-ray  line  broadening 
measurements  were  also  done  using  a  position  sensitive  detector  to  supplement  the 
data  base.  Measurements  were  made  as  a  function  of  bias  on  the  (200),  (220),  and 
(321)  peaks  at  25  and  O^C.  The  dielectric  constant  and  polarization  were  also 
measured  as  a  function  of  temperature  for  comparison  using  standard  techniques. 

The  samples  used  in  this  study  were  PMN  ceramics  with  0  and  10  at%  PT 
(PMN-IOPT).  They  were  prepared  as  described  by  Pan  and  Cross  (Pan,  Jiang,  and 
Cross  1988).  The  samples  were  free  of  ageing  as  described  by  Pan,  were  free  of 
pyrochlore  as  described  by  Shrout  (Swartz  and  Shrout  1982),  and  were  eleciroded 
with  gold.  Stoichiometric  ageing  free  samples  were  used  to  avoid  a  potential 
complication  of  the  relaxation  mechanism  by  a  time  varying  defect  structure. 
Supplementary  measurements  were  also  done  on  La-modifed  lead  zirconate  titanate 
(PLZT)  with  Zr/Ti  ratio  of  65/35  and  a  La  content  of  9  atomic%.  The  PLZT 
samples  were  donated  by  Honeywell  Inc.  of  Bloomington,  Minnesota. 

III.  RESULTS 

Sample  resonance  curves  are  given  in  Figures  2.a-2.d  for  PMN-IOPT  at  270, 
292,  310  and  340OK,  respectively.  Each  Figure  contains  resonance  curves  under 
bias  levels  of  0,  5,  and  10  KV/cm.  These  curves  were  chosen  to  illustrate  the  field 
dependence  of  the  resonance  curves  at  various  temperatures.  An  electrical  field 
increased  the  resonance  frequency,  and  decreased  the  mechanical  losses.  At  lower 
temperatures  the  resonance  curve  characterized  a  linear  oscillator.  As  the 


lemperanire  was  increased  the  resonance  curve  bent  to  lower  frequencies  with 
increasing  displacement  (elastically  soft  under  stress),  and  on  a  further  increment  of 
the  temperature  the  resonance  curve  bent  to  higher  frequencies  with  increasing 
displacement  (elastically  hard  under  stress).  The  effect  of  a  DC  bias  was  to  decrease 
the  magnitude  of  the  nonlinearity. 

IV.  DISCUSSION 

The  insertion  of  any  local  distortion  into  a  crystalline  lattice  produces  internal 
strains.  Anelastic  behavior  is  a  manifestation  of  the  relaxadonal  kinedcs  of  this 
internal  deformadon  process.  In  PMN  the  anelasdc  response  can  be  andcipated  to 
reflect  the  kinedcs  of  the  polarizadon  fluctuations  which  can  couple  the  applied 
stress  to  the  internal  strain  through  the  electrostricdon.  The  elasdc  sdffness  of  PMN 
over  a  wide  range  of  temperamres  is  illustrated  in  Figure  3.  The  elastic  stiffness 
started  to  soften  around  6C)0®K  which  is  close  to  the  temperature  of  the  onset  of 
local  polarizadon  as  originally  shown  by  Bums  (Bums  and  Dacol  1983).  The 
implicadon  is  that  the  insertion  of  polarizadon  into  the  prototypic  phase  softens  the 
lattice,  via  the  electrostricdon.  The  agreement  of  the  temperature  of  the  maximum  in 
the  1(X)  Hz  elastic  softening  with  the  temperature  of  the  100  Hz  perminivity 
maximum,  shown  in  Figure  4,  illustrates  that  the  relaxadonal  processes  in  both 
responses  does  have  a  common  origin.  The  dielectric  relaxation  has  been  shown  to 
be  glassy  due  to  interactions  between  superparaelectric  moments  (Viehland,  Jang, 
Wutdg,  and  Cross  1990a).  The  implicadon  is  that  the  anelasdc  relaxation  may  also 
be  glassy  due  to  local  electrosdcdve  strain  fields. 

Figures  S(a)-(d)  illustrate  the  field  dependence  of  the  stiffness  at  various 
temperatures.  The  points  in  these  figures  are  the  experimental  data,  and  the  solid 
line  is  the  curve  fitting  to  equation  2; 

cCE)  =  c(0)  +  tiE'* 
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where  c  is  the  elastic  stiffness,  and  ^  and  ii  are  the  fourth  and  sixth  order 
electoelastic  couplings  respectively.  The  experimental  data  was  modelled  using  a 
nonlinear  least  squares  fitting  to  equation  2,  solving  for  3  and  T).  3  as  a  function  of 
temperature  is  shown  in  Figure  6.  The  maximum  electroelastic  nonlinearities 
occurred  near  IS^C.  The  freezing  temperature  has  been  estimated  to  be  IS^C  by 
modelling  the  frequency  dependence  of  T^ax  using  the  Vogel-Fulcher  relationship 
(Viehland,  Jang,  Wuttig  and  Cross  1990a)  which  is  close  to  the  temperature  of  the 
maximum  electroelastic  nonlinearities.  The  rrxxlelling  of  the  dielectric  relaxation  is 
shown  as  the  inset  of  Figure  6.  These  results  indicate  that  the  local  electrostrictive 
strains  are  dynamical  in  nature  and  undergo  a  Vogel-Fulcher  type  freezing 
corresponding  to  the  freezing  of  the  polarization  fluctuations.  This  can  be 
interpreted  to  mean  that  the  polarization  fluctuations  do  not  occur  within  a  rigid 
framework,  but  rather  inside  of  a  soft  framework  which  deforms  in  response  to  the 
polarization  fluctuations.  The  maximum  nonlinearities  in  the  electroelastic  response, 
then,  occtirs  near  the  fireezing  temperature  where  a  DC  biasing  field  can  most 
effectively  repopulate  the  states.  Yushin  (Yushin  1988)  has  reponed  a  similar 
anomaly  in  the  electroacoustic  behavior  near  210®K  for  PMN  in  the  zero  field 
cooled  state. 

An  electrical  field  stiffened  the  elastic  response  at  all  bias  levels.  If  the 
softening  of  the  linear  elastic  stiffness  is  solely  related  to  the  introduction  of 
polarization  into  the  lattice,  then  application  of  an  electrical  field  should  further 
soften  the  lattice  because  it  would  stabilize  more  polarized  regions.  A  possible 
explanation  of  this  discrepancy  is  that  the  inhomogeneity  in  the  internal  strain  field, 
both  in  the  frozen  and  dynamical  states,  enhances  the  deformation  mechanism. 
Consequently  on  application  of  an  electrical  field  the  lattice  stiffens  as  the 
randomness  of  the  strain  field  is  destroyed.  The  elastic  behavior  of  PMN  may  be 
similar  to  the  orientational  glassy  state  proposed  for  (KBr)i.x(KCN)x  (Knorr, 


Volkmann,  and  Loidl  1986)  (Knorr  1987)  in  which  quadrupolar  interactions 
between  elastic  dipoles  leads  to  a  freezing  of  the  anelastic  response.  It  is  proposed 
here  that  quadrupolar  interactions  between  polar  clusters  in  PMN  contribute  to  the 
freezing  process,  and  that  the  corresponding  frustration  is  partially  orientational  in 
nature.  The  main  difference  between  the  glassy  response  in  PMN  and  (KBr)i. 
x(KCN)x  is  the  scale  of  the  inhomogeneity  in  the  strain  field.  In  relaxors  this  scale 
is  on  the  order  of  50-100  A®  (Randall  and  Bhalla  1989)  (Chen,  Chan,  and  Harmer 
1989),  where  as  in  (KBr)i.x(KCN)x  it  is  several  unit  cells.  The  glassy  contribution 
to  the  elastic  softening  consequendy  would  be  expected  to  be  much  less  for  PMN 
than  for  (KBr)i.x(KCN)x,  which  is  experimentally  observed.  In  the  tungsten 
bronze  family  of  relaxors,  an  electrical  field  has  been  found  to  soften  the  lattice 
(Shrout  1980).  The  difference  in  the  elastic  behavior  of  the  PMN  family  of  relaxors 
and  the  tungsten  bronzes,  can  be  understood  by  the  differences  in  their  structures. 
The  structure  of  the  tungsten  bronzes  are  prototypic  tetragonal  with  only  two 
ferroelectric  domain  states.  Consequendy  the  interaction  of  the  electrostricrive 
deformation  with  an  applied  stress  does  not  reveal  any  internal  strain.  PMN  is 
rhombohedral  having  non- 180°  variants  which  can  contribute  to  an  inhomogeneous 
internal  strain  if  the  cluster  moments  freeze  in  a  random  manner. 

The  (220)  diffraction  peak  for  PMN-IOPT  at  various  bias  levels  is  shown  in 
Figure  7(a)  and  (b)  at  25  and  O^C,  respectively.  The  width  of  the  peak  decreased 
and  the  peak  shifted  to  lower  29  values  with  increasing  bias.  Upon  removal  of  the 
field  the  width  and  the  peak  position  returned  to  the  unbiased  values  at  2S‘^C,  but 
remained  at  the  biased  values  at  O^C.  These  results  support  the  model  of  an 
inhomogeneity  in  the  local  strain  field  which  has  an  instability  to  an  applied  bias. 
The  inability  of  the  inhomogeneity  to  recover  after  removal  of  the  bias  below  the 
freezing  temperature  gives  further  evidence  of  the  dynamical  nature  of  the  local 
electrostrictive  strains  above  Tf.  The  shifting  of  the  peak  position  shows  that  a 
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macrostrain  develops  from  the  inhomogeneous  internal  strain  during  electrification. 
The  shift  in  the  peak  position  (A20)  was  approximately  0.1°  between  0  and  10 
KV/cm.  The  lattice  strain  associated  with  this  shift  can  be  approximated  by  equating 

the  Bragg  relationships  at  both  biases  and  solving  for  Ad/di  as  given  in  equation  3; 

P-M-i  sin(29i)  - 

"  ■  sin(2ei-.A20) 

where  e  is  the  lattice  strain,  di  and  d2  are  the  lattice  constant  under  0  and  15  KV/cm 
respectively,  and  Ad  is  defined  as  di-d2.  Ad/di  can  then  be  approximated  as 
5x10*^  which  is  comparable  to  the  electrostrictive  strain  (Jang  1979).  This  shows 
that  the  large  electrostrictive  strains  in  these  materials  are  not  due  to  induced 
polarization,  but  rather  to  the  relief  of  the  internal  strain  by  the  development  of  a 
macrostrain.  Hysteresis  then  occurs  in  the  field  dependence  of  the  strain  behavior 
below  Tf . 

The  100  Hz  internal  friction  as  a  function  of  bias  at  Tf  is  shown  in  Figures  8. 
The  maximum  field  dependence  was  also  found  near  Tf.  The  internal  friction 
initially  increased  until  3  KV/cm,  then  decreased  upon  further  increment  of  the 
field.  The  coexistence  of  both  dielectric  and  anelastic  relaxation  requires  that  the 
piezoelectric  response  (d33)  must  also  be  dispersive  (Nowick  and  Heller  1965), 
which  has  recently  been  observed  (Pan,  Gu,  Taylor,  and  Cross  1989).  The 
maximum  response  and  strongest  relaxation  in  d33  were  also  observed  near  this 
threshold  bias  (3KV/cm).  This  means  that  at  the  threshold  bias  a  small  applied 
stress  can  most  effectively  repopulate  the  equivalent  variants,  consequently  the 
mechanical  losses  are  maTimum.  The  threshold  bias  can  be  interpreted  to  mean  that 
in  the  unelecuified  state  the  orientations  of  the  superparaelectric  moments  are  not 
completely  random,  but  rather  there  are  local  equilibrium  configurations  of  moment 
orientations  as  previously  proposed  from  the  field  dependence  of  the  dielectric 
response  (Viehland,  Jang,  Wuttig,  and  Cross  1990b).  A  small  bias  then  acts  to 


override  these  configurations,  enhancing  the  fluctuation  kinetics  and  the  magnitude 
of  the  relaxation.  It  is  probable  that  the  shon  range  ordering  in  these  configurations 
is  determined  in  part  by  the  local  electrostrictive  strain  fields.  Khachaturyan 
(Khachaturyan  and  Shatalov  1969)  has  previously  shown  that  local  strain  fields 
between  inclusion  can  lead  to  short  range  ordering  of  their  "elastic  dipoles".  At  bias 
levels  above  threshold,  the  internal  friction  decreased  probably  because  of  the  relief 
of  the  internal  strain  and  the  longer  range  nature  of  the  dipolar  interactions. 

The  effective  third  order  elastic  constant  of  PMN  as  a  function  of  temperature 
under  zero  bias  is  illustrated  in  Figure  9.  The  maximum  softening  of  this  constant 
occurred  slightly  below  the  temperature  of  the  100  Hz  permittivity  maximum.  The 
maximum  bending  of  the  resonance  curve  under  stress  at  Tmay  in  the  unelecmfied 
state  can  be  estimated  to  be  1  Hz  (see  Figure  2(c))  which  is  approximately  0.8%. 
This  translates  into  a  1.5%  decrease  in  the  elastic  energy  by  the  nonlinearities.  This 
contribution  is  not  small  in  consideration  of  the  inhomogeneous  nature  of  the 
applied  stress.  It  is  obvious  that  the  elastic  softening  occurs  when  the  frequency  of 
the  polarization  fluctuations  nearly  coincides  with  the  driving  frequency  of  the  AC 
stress  field.  The  maximum  elastic  softening  probably  occurs  when  the  polarization 
can  most  effectively  respond  to  the  biasing  strain.  Below  this  temperature,  the 
fluctuations  are  essentially  frozen  with  respect  to  the  time  scale  of  the  measurement. 
The  natural  elastic  hardening,  consequently,  is  observed  at  higher  temperatures 
when  the  kinetics  of  the  deformation  process  becomes  much  faster  than  the  applied 
AC  stress.  The  softening  of  the  elastic  response  shows  that  the  kinetics  of  the 
internal  deformation  process  can  be  driven  by  an  applied  AC  stress.  Higher  order 
elastic  constants  usually  characterize  the  stress  dependence  of  the  velocity  of  an 
elastic  wave  and/or  the  nonlinear  interactions  between  "elastic  dipoles"  (Wallace 
1970).  It  is  proposed  that  the  microscopic  origins  of  the  softening  arises  due  to 
interactions  between  cluster  moments,  both  dipolar  and  quadrapolar,  which  in  part 
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control  the  kinetics  of  the  deformation  process.  A  potential  well  diagram  which 
illustrates  the  effect  of  an  applied  stress  along  a  (111)  variant  is  shown  in  Figure 
10.  If  TcTmax  the  applied  stress  lowers  the  acdvadon  energy  by  7p,  consequently 
the  repopularion  kinetics  along  the  axis  of  the  stress  is  enhanced  and  the  elasdc 
response  is  soft .  If  T>Tmax  the  applied  stress  is  shown  to  push  against  the  walls 
of  the  wells,  consequently  the  elastic  response  is  hard.  The  third  order  elastic 
constant  under  5  KV/cm  is  also  illustrated  in  Figure  9(a).  An  electrical  field 
decreased  the  softening  and  increased  the  temperature  of  its  maximal  response.  The 
third  order  elasdc  constant  as  a  funedon  of  bias  at  the  temperature  of  the  permittivity 
maximum  is  shown  in  Figure  9(b).  The  elasdc  response  is  essentially  linear  under 
10  KV/cm.  The  reason  for  the  decrease  in  the  magnitude  of  the  elasdc  softening  can 
be  understood  as  a  reflection  of  the  decrease  in  the  inhonx)geneity  of  the  local  strain 
fields  on  electrification.  Consequently  the  deformation  process  is  less  stress 
sensitive  and  the  magrtitude  of  the  softening  of  the  lattice  under  stress  decreases. 

The  internal  friction  of  PMN  has  been  reponed  to  be  frequency  independent 
between  5  and  50  MHz  (Yushin,  Smironova,  Dorogonsev,  Smirnov,  and 
Galayamov  1987).  The  internal  friction  of  PMN  at  various  frequencies  between  100 
Hz  and  50  MHz  is  shown  in  Figure  10(a).  The  maximum  loss  and  temperature  of 
its  half  maximum  value  are  plotted  as  a  function  of  frequency  in  Figure  10(b).  It  is 
obvious  that  the  kinetics  of  the  relaxational  process  is  temperanue  dependent  in  only 
the  low  frequency  regime,  whereas  the  magnitude  of  the  relaxation  is  relatively 
frequency  independent  A  possible  explanation  for  this  behavior  is  that  the  thermal 
fluctuations  of  the  local  electrostrictive  strains  cannot  follow  above  a  certain 
frequency.  Further  evidence  for  such  behavior  in  relaxors  can  be  found  in  the 
temperature  dependence  of  the  line  broadening  of  the  diffraction  peaks  in  PLZT-8.7 
(Darlington  1989).  These  results  are  illustrated  in  Figures  ll(a)-(c).  The 
broadening  of  the  (200)  peak  starts  near  the  onset  of  local  polarization,  and  seems 


to  saturate  near  560OK.  Where  as  the  broadening  of  the  (220)  and  (321)  peaks 
continuously  increases  between  approximately  560  and  250OK.  This  shows  that  the 
inhomogeneity  in  the  strain  field  associated  with  the  volume  deformation  saturates 
when  an  inhomogeneity  in  the  shear  deformation  ((220)  and  (321)  peaks)  stans  to 
develop.  A  possible  explanation  is  that  at  high  temperatures  near  the  onset  of 
reversible  polarization,  the  rhombohedral  strain  of  the  individual  ferroelectric 
distortions  is  largely  suppressed  due  to  their  emergence  in  an  elastically  stiff  matrix. 
The  matrix  is  soft  dielectrically  (high  permittivity)  so  that  polarization  can  occur,  but 
elastically  the  rhombohedral  variants  are  cubicaily  clamped.  Consequently  the  strain 
fields  associated  with  the  volume  deformation  is  inhomogeneous  and  static.  At 
lower  temperatures,  as  the  kinetics  of  the  polarization  fluemations  slow  down  due 
to  the  build  up  of  correlations,  the  polar  regions  may  be  able  to  lower  their  free 
energy  by  deforming  in  a  correlated  manner  which  preserves  the  cubic  dimensions. 
Inversion  of  the  polarization  leaves  the  elastic  environment  unchanged,  but  the 
rotation  of  the  polarization  involves  rearrangements  of  the  local  elastic  minima.  The 
free  energy  may  then  be  lowered  by  allowing  the  local  strain  fields  to  become 
dynamic,  consequently  an  inhomogeneity  in  the  shear  strain  develops.  The 
implication  is  that  the  anelastic  and  dielectric  relaxation  time  distributions  do  not 
need  to  be  equivalent,  but  rather  varying  differences  between  the  two  may  occur  as 
a  function  of  temperature  or  frequency  depending  on  whether  the  polarization  is  free 
to  deform  or  clamped.  At  lower  temperatures  near  Tf  the  relaxation  time 
distributions  would  be  very  similar.  For  comparison  the  Vogel-Fulcher  freezing 
temperature  of  PLZT-9  has  been  estimated  as  265®K  which  is  close  in  agreement 
with  the  temperature  of  the  saturation  in  the  broadening  of  the  (220)  and  (321) 
peaks. 

A  model  of  a  temperanire  dependent  relaxation  time  spectrum  is  presented  in 
Figure  12(a)  for  the  anelastic  response.  A  model  previously  proposed  for  the 


dielectric  response  is  shown  in  Figure  12(b)  for  comparison  (Viehland,  Jang, 
Wuttig,  and  Cross  1990a).  These  models  are  not  quantitative,  but  are  qualitatively 
consistent  with  the  experimental  observations.  The  isothermal  width  for  both 
spectra  is  shown  to  become  very  broad  near  Tf  with  the  mean  value  (tave) 
approaching  the  macroscopic  time  regime.  Relaxation  is  also  shown  to  exist  to 
temperatures  significantly  below  Tf  as  a  reflection  of  the  size  dispersion  of  the 
moments.  Above  Tf  the  isothermal  widths  of  the  relaxation  time  spectrums 
continuously  sharpens  with  increasing  temperature.  The  shortest  relaxation  time 
(tmin)  for  the  anelastic  relaxation  is  shown  to  approach  a  critical  frequency 
(tciamp)  at  which  point  the  anelastically  active  orientations  are  becoming 
inaccessible  to  the  polarization  due  to  the  stiffening  of  the  matrix.  This  frequency  is 
shown  to  be  much  lower  than  the  Debye  frequency  (td).  Upon  further  increment  of 
the  temperature  tave  and  Xmax  are  shown  to  approach  Xclamp  for  the  anelastic 
response.  The  maximum  value  of  the  distribution  is  shown  to  be  relatively 
frequency  independent  to  reflect  the  weak  frequency  dependence  of  the  relaxation 
magnitude.  The  maximum  value  of  the  distribution  for  the  anelastic  response  is 
shown  to  be  smaller  than  that  for  the  dielectric  response  to  illustrate  the  relative 
magnimdes  of  their  respective  losses. 


IV.  CONCLUSION 

Evidence  for  a  Vogel-Fulcher  type  freezing  of  the  anelastic  response  has  been 
found.  It  has  subsequently  been  proposed  that  the  freezing  process  in  relaxors  is 
partially  controlled  by  randomly  orientated  local  electrostrictive  strain  fields.  The 
existence  of  an  internal  strain  which  decreases  on  electrification  has  been  confirmed 
by  line  broadening  of  the  (220)  diffraction  peak.  The  frequency  dependence  of  the 
anelastic  relaxation  has  also  been  investigated.  It  has  been  found  that  the  kinetics  of 
the  anelastic  relaxation  is  substantially  different  than  thp  dielectric  relaxation  at 
higher  frequencies.  A  softening  of  the  elastic  response  to  the  amplitude  of  the 
applied  stress  has  also  been  found  which  was  explained  as  a  stress  activation  of  the 
internal  deformation  process. 
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LIST  OF  FIGURES 

Figure  1.  Diagram  of  the  internal  friction  apparatus.  (1)  pick  up  capacitor,  (2)  Sm- 
Co  magnets,  (3)  sample,  (4)  sample  positioner  and  clamp,  (5)  thermocouple,  (6) 
constant  gradient  Helmholtz  coils,  (8)  resirive  headng  wire. 

Figure  2.  Sample  resonance  curves  for  PMN-IOPT  at  bias  levels  of  0,  6,  and  12 
KV/cm.  (a)  T=-150C,  (b)  T=150C,  (c)  T=40OC.  (d)  T=650C. 

Figure  3.  Elastic  stiffness  as  a  function  of  temperature  for  PMN. 

Figure  4.  (a)  Elastic  stiffness  and  linear  damping  as  a  function  of  temperature  for 
PMN-IOPT  at  a  measurement  frequency  of  100  Hz.  (b)  Polarization  and  dielectric 
constant  as  a  function  of  temperature  for  PMN-IOPT.  The  measurement  frequencies 
for  the  dielectric  constant  were  0.1,  1,  10,  and  100  KHz. 

Figure  5.  Elastic  Stiffness  as  a  function  of  DC  electrical  bias  for  PMN-IOPT.  (a) 
T=-10OC,  (b)  T=150C,  (c)  T=60OC,  (d)  T=120OC. 

Figure  6.  Electroelastic  constant  (0)  as  a  function  of  temperature  for  PMN-IOPT 
where  Tf  is  the  freezing  temperature.  The  inset  is  the  fitting  of  the  frequency 
dependence  of  the  temperature  of  the  permittivity  maximum  to  the  Vogel-Fulcher 
relationship. 

Figure  7.  (220)  diffraction  peak  for  PMN-IOPT  under  DC  bias  levels  of  0,  10,  and 
0  KV/cm.  (a)  T=250C,  (b)  T=0OC. 

Figure  8.  Internal  Fiction  (Q'l)  as  a  function  of  DC  electrical  bias  for  PMN-IOPT. 
Figure  9.  (a)  Effective  third  order  elastic  constant  (a)  for  PMN-IOPT  as  a  function 
of  temperature  under  DC  bias  levels  of  0  and  5  KV/cm  where  Tmax  is  the 
temperature  of  the  100  Hz  dielectric  maximum,  (b)  Effective  third  order  elastic 
constant  (a)  for  PMN-IOPT  as  a  function  bias  near  the  temperature  of  the 
permittivity  maximum. 

Figure  10.  Potential  well  diagram  which  illustrates  the  effect  of  an  AC  mechanical 
stress  on  the  activation  energy  for  a  superparaelectric  relaxation  at  various 


temperatures  where  e  is  the  RMS  value  of  the  stress  and  Yp  the  change  in  the 
activation  energy. 

Figure  1 1.  (a)  Mechanical  damping  of  PMN  as  a  function  of  temperature  at  various 
frequencies.  The  frequencies  shown  are  0.1  and  2.3  KHz,  and  7,  10,  20,  and  50 
MHz.  The  MHz  data  was  taken  from  Yushin  (2).  (b)  Maximum  of  the  internal 
friction  (Qrnax)  and  temperature  of  its  half  maximum  value  as  a  function  of  the 
measurement  frequency  for  PMN- 1  OPT. 

Figure  12.  X-ray  diffraction  peaks  as  a  function  of  temperature  for  PLZT-8.7 
(65/35)  taken  from  Darlington  (28)  where  Tb  is  the  Bum's  temperature  and  Tf  the 
freezing  temperature,  (a)  the  (200)  peak,  (b)  the  (220)  peak,  and  (c)  the  (321)  peak. 
Figure  13.  Diagram  illustrating  the  proposed  temperature  dependent  relaxadon  time 
spectrum  where  G(t)  is  the  number  of  micro-polar  regions  having  a  relaxation  time 
T.  (a)  Anelasdc  distribution,  (b)  dielectric  distribution. 


LOCK-IN 

AMPLIFIER 


TEMPERATURE 

CONTROLLER 


FUNCTION 

GENERATOR 


Cs]  1-05 


TEMPERATURE  (K) 


ELASTIC  STIFFNESS  (REL.) 


DIELECTRIC  CONSTANT 


INTENSITY  (REL.) 


oh 


-5  h 


f 


♦  ♦  •  • 


•  •  . . 


E*SKV/cm 


E=OKV/cm 


•  SO  0  50  100  150 

TEMPERATURE  (C) 


0  5  10 

BIAS  (KV/cm) 


15 


MECHANICAL  DAMPING 


0.0100 
0.0075 
0.0050 

0.0025 
0.0000 

200  250  300  350  400 

a.  TEMPERATURE  (K) 


Tmox  (C ) 


b. 


Q. 


0  200  400  600  800 

TEMPERATURE  (K) 


I 

I 

i 

i 


TEMPERATUF 


Tf  T<1 
temperature 


APPENDIX  29 


I 


I 


A 


T  Pi;J 


INTERNAL  STAIN  RELAXATION  DUE  TO  THE  TILTING  OF  THE 
OXYGEN  OCTAHEDRA  AND  THE  GLASSY  BEHAVIOR  OF 
LA  MODHTED  LEAD  ZIRCONATE  TITANATE  RELAXORS 
Dwight  Viehland,  S.  J.  Jang,  L.  Eric  Cross* 

Materials  Research  Laboratory.  Pennsylvania  State  University 
University  Park,  Pa.  16802 
Manfred  Wuttig 

Dept,  of  Materials  and  Nuclear  Engineering,  University  of  Maryland 
College  Park.  Md.  20742 

ABSTRACT 

Non-linear  internal  friction  measurements  have  been  carried  out  on  La 
modified  lead  zirconate  ritanate  relaxon  with  a  Zr/Ti  ratio  of  65/35.  Measurements 
have  been  made  as  a  function  of  La  content  and  DC  bias.  The  elastic  softening  is 
believed  to  have  a  ferroelastic  contribution  due  to  the  tildng  of  the  oxygen 
octahedra,  in  addition  to  the  expected  electrostrictive  effects.  The  temperatures  of 
the  maximum  softening  form  a  plausible  extension  to  the  rhombohedral 
rhombohedral  phase  boundary  (1).  A  frequency  dependence  of  the  softening  has 
also  been  found  which  was  interpreted  as  the  existence  of  fluctuations  in  the 
orientations  of  the  tilts.  These  fluctuations  are  proposed  to  arise  in  an  anempt  to 
partially  relieve  an  inhomogeneity  in  the  electrostrictive  strains  associated  with  the 
polarization  fluctuations.  The  results  are  discussed  in  context  with  previously 
reported  transmission  electron  microscopy  work  (2).  Dielectric  measurements  have 
also  been  done  as  a  function  of  La  content  and  bias,  and  the  freezing  temperature  of 
the  polarization  fluctuations  determined  as  a  function  of  composition.  A  revised 
phase  diagram  has  been  proposed  using  this  data  base  which  shows  different  phase 
fields  having  various  combinations  of  freezing  mechanisms. 


I.  INTRODUCTION 

Lanthanum  modified  lead  zirconate  titanate  solid  solutions  (PLZT)  with  La 
contents  between  5  and  14  atomic%  and  with  a  Zr/Ti  ratio  of  65/35  are  relaxors. 
Relaxors  are  ferroelectrics  which  exhibit  a  classic  dielectric  relaxation,  and  have  the 
inability  to  sustain  a  macroscopic  polarization  until  temperatures  significandy  below 
the  radio  frequency  permittivity  maxima.  Bums  (3)  has  shown  that  an  RMS  (local) 
polarization  exists  in  PLZT  upto  the  transition  temperamre  for  pure  PZT  (623®K). 
He  subsequently  proposed  a  glassy  polarization  mechanism.  Cross  has  proposed 
that  the  orientations  of  the  local  moments  are  thermally  reversible  (4),  analogous  to 
superparamagnetism.  He  has  recently  shown  (5)  that  interactions  between 
superparaelectric  moments  control  the  kinetics  of  the  polarization  fluctuations,  and 
the  onset  of  a  frozen  state  below  a  characteristic  temperature  (Tf).  The  implication  is 
that  the  frustration  is  incipient  from  higher  temperatures  into  the  frozen  state. 
Smolenski's  original  model  of  relaxors  (6)  was  based  on  the  concept  of  local 
variations  of  the  transition  temperature  due  to  compositional  heterogeneity.  Randall 
nK>re  recendy  has  shown  using  transmission  electron  microscopy  (TEM)  that  in 
PLZT  antiphase  boundaries  separate  regions  which  have  a  doubling  of  the  unit  cell. 
He  subsequently  proposed  that  it  was  the  scale  of  an  inhomogeneity  which 
predetermines  the  relaxor  behavior  (7). 

Meiuler  and  O'Bryan  (1)  have  investigated  the  elastic  behavior  of  PLZT  for 
La  contents  less  than  6  atomic4b.  The  temperature  of  the  maximum  elastic  softening 
was  found  at  significandy  lower  temperatures  than  the  maximum  in  the  dielectric 
permittivity.  The  temperatures  of  the  maximum  softening  were  instead  found  to 
form  a  plausible  extension  to  the  rhombohedral  rhombohedral  phase  boundary  of 
the  PZT  phase  diagram.  Yushin  (8)  has  recendy  investigated  the  elastic  stiffness  of 
PLZT-9  (65/35).  He  found  that  the  temperature  of  the  maximum  elastic  softening 
nearly  coincided  with  the  temperature  of  the  perminivity  maximum  for  this 


composition,  similar  to  lead  magnesium  niobate  (PMN)  (9).  Beige  has  also 
investigated  the  elastic  properties  of  PLZT  (10).  The  purpose  of  this  work  is  to 
investigate  the  field  and  compositional  dependence  of  the  elastic  response  at  various 
frequencies,  and  to  determine  if  the  elastic  response  is  dependent  on  the  amplitude 
of  the  applied  stress.  The  intention  is  to  determine  the  glassy  behavior  for  the 
various  La  contents,  and  to  compare  this  behavior  to  the  PMN  family  of  relaxors. 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  this  study  were  PLZT  (65/35)  with  La  contents  of  6. 
6.5,  7,  7.5,  8,  8.5,  9,  10,  12,  and  14  atomic%.  The  samples  were  donated  by 
Honeywell  Inc.  of  Bloomington,  Minnesota. 

The  elastic  propenies  were  studied  using  a  non-linear  internal  friction 
technique  developed  by  Wuttig  and  Suzuki  (1 1).  A  diagram  of  the  experimental 
apparatus  is  given  in  Figure  1 .  The  technique  uses  a  cantilever  type  sample  which  is 
driven  through  its  natural  resonance  by  Sm-Co  magnets  (placed  on  the  free  end  of 
the  cantilever)  coupling  to  constant  gradient  Helmholtz  coils.  The  cantilever  was 
placed  into  sinusoidal  flexural  motion,  and  the  displacement  was  measured 
capacitively  using  a  technique  developed  by  Tomboulian  (12).  The  samples  were 
driven  into  the  non-linear  regime  which  resulted  in  asymmetric  resonance  curves. 
The  resonance  curves  were  analyzed  using  a  nonlinear  least  squares  fitting  to 
equation  1; 

where  (Oo  is  the  resonance  frequency,  a  the  effective  non-linear  elastic  constant,  5 
the  linear  damping,  K  the  external  excitation,  and  a  the  RMS  displacement  of  the 
reed.  Resonance  curves  were  measured  as  a  function  of  temperature  on  heating 
between  250  and  420OK,  with  resonance  frequencies  between  10  and  400  Hz. 
Measurements  were  done  as  a  function  of  DC  bias,  the  bias  levels  used  were  0,  1 , 


2,  3,  4,  5,  6  ,7,  8,  10,  12,  IS  kV/cm.  X-ray  line  broadening  measurements  were 
also  carried  out  using  a  position  sensitive  detector.  Measurements  were  made  on  the 
(200),  (220),  and  (321)  diffraction  peaks. 

The  dielectric  response  was  measured  as  a  function  of  frequency  and 
temperature  at  the  same  bias  levels  used  for  the  elastic  measurements.  The 
frequencies  used  were  0.1,  0.2,  0.4,  1,  2,  4,  10,  20,  40,  and  100  KHz.  All 
measurements  were  made  on  cooling  at  a  rate  of  lOOmin.  The  measurements  were 
made  using  a  HP4275A  LCR  meter.  Two  large  blocking  capacitors  were  used  to 
protect  the  dielectric  bridge  from  possible  breakdown  of  the  sample.  A  20  M£2 
resistor  was  put  in  series  with  the  DC  power  supply  so  as  not  to  bypass  the  AC 
current  from  the  capacitance  bridge.  The  dielectric  curve  for  each  frequency  was 
curve  smoothed  and  interpolated  to  determine  the  temperature  of  the  dielectric 
maximum  as  accurately  as  possible.  The  remanent  polarization  was  also  measured 
as  a  function  of  temperature  for  comparison  using  standard  techniques. 

III.  RESULTS 

Sample  resonance  curves  are  illustrated  for  PLZT-8  in  Figures  2(a)-(d)  at 
T<Tf,  T=Tf,  T=Tinax.  *nd  T>Tmax  respectively.  Each  figure  contains  data  under 
DC  bias  levels  of  0,  6,  and  12  kV/cm.  An  electrical  field  increased  the  resonance 
frequency  (stiffened  the  lattice),  and  decreased  the  linear  damping  at  all 
temperatures.  The  maximum  field  dependence  can  be  seen  to  occur  near  T^Tf.  At 
lower  temperatures  the  resonance  curves  characterized  a  linear  oscillator.  Near  Tf 
the  elastic  response  was  soft  to  the  amplitude  of  the  applied  stress,  i.e.  the 
resonance  curves  shift  to  lower  frequencies  with  increasing  displacement  At  higher 
temperatures  the  elastic  response  was  hard  to  the  amplitude  of  stress,  i.e.  the 
resonance  curves  shifted  to  higher  frequencies  with  increasing  displacement.  The 
DC  bias  decreased  the  magnitude  of  the  nonlinearity  at  aU  temperatures. 


The  pennittivity  as  a  function  of  temperamre  at  various  frequencies  is  shown 
in  Figures  3(a)-(d)  for  Ln  contents  of  6.  6.5.  7.  and  8  atomic%.  At  lower  La 
contents  no  dispersion  in  Tmax  was  observed,  the  dispersion  in  Tmax  did  not 
become  obvious  until  near  8  atomic^.  The  magnitude  of  the  permittivity  was 
dispersive  for  all  compositions  investigated,  although  the  dispersion  increased  with 
increasing  La  content.  The  permittivity  as  a  function  of  temperature  for  PLZT 
under  DC  bias  levels  of  0  and  4  kV/cm  are  shown  in  Figures  4(a)  and  (b), 
respectively. 

IV.  DISCUSSION 

The  elastic  stiffness  of  relaxor  ferroelectrics  is  known  to  start  to  soften  at  the 
temperature  of  the  onset  of  local  polarization  (13).  The  anelastic  relaxation  of  PMN 
has  recently  been  shown  to  reflect  the  kinetics  of  the  polarization  fluctuations  by  a 
coupling  of  the  applied  stress  to  the  internal  strain,  via  the  electrostriction.  Near  Tf, 
the  (mentations  of  the  l(x:al  electrostrictive  strain  fields  are  believed  to  freeze  into  an 
orientational  glassy  state.  The  fhistration  in  this  frozen  state  is  believed  to  have 
contributions  from  both  dipolar  and  quadrupolar  interactions  between 
superparaelectric  moments.  The  elastic  stiffness  and  linear  damping  of  PLZT-8  are 
shown  in  Figure  4(a),  the  polarization  and  permittivity  are  shown  in  Figure  4<b)  for 
comparison.  The  maximum  softening  of  the  100  Hz  elastic  response  occurred  near 
the  temperamre  of  the  collapse  in  the  remanent  polarization,  rather  than  at  the 
temperature  of  the  100  Hz  Tmax  tn  the  dielectric  response.  The  implication  is  that 
the  anelastic  relaxation  may  have  contributions  other  than  the  electrostrictive,  and 
that  the  fhistration  in  the  frozen  state  is  different  from  that  in  PMN. 

The  compositional  dependence  of  the  100  Hz  elastic  stiffness  of  PLZT  is 
illustrated  in  Figures  5(a)-(d)  for  La  contents  of  7,  8,  9,  and  10  atomic% 
respectively.  The  maximum  softening  occurred  at  a  temperature  significantly  below 
Tf  for  PLZT-7,  near  Tf  for  PLZT-8,  between  Tf  and  Tmax  for  PLZT-9,  and  near 
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Tmax  for  PLZT-10.  The  degree  of  sofrening  was  found  to  decrease  with  increasing 
La.  The  temperatures  of  the  maximum  lattice  softening  form  a  plausible  extension  to 
the  rhombohedral  rhombohedral  phase  boundary  found  by  Meitzler  and  03ryan 
(1).  They  determined  this  boundary  from  the  temperature  of  the  maximum  elastic 
softening  of  poled  samples  driven  into  resonance  piezoelectrically.  The  transition 
temperature  was  estimated  as  750C  for  PLZT-6,  the  temperature  of  the  maximum 
softening  determined  here  for  PLZT-7  was  approximately  70OC.  In  the  low 
temperature  rhombohedral  phase  the  oxygen  octahedron  is  tilted  with  respect  to  the 
high  temperature  phase.  The  tilting  is  an  attempt  to  partially  relieve  the  octahedral 
strain  (14)  and  results  in  a  doubling  of  the  unit  cell  (IS).  At  the  rhombohedral 
rhombohedral  phase  boundary  the  octahedral  strain  is  coupled  to  an  applied  stress 
through  the  rotostriedon  (16),  consequently  the  lattice  softening  has  a  ferroelastic 
contribution  in  addition  to  the  electrostrictive.  The  compositional  dependence  of  the 
elcctroelastic  coupling  ($)  is  illustrated  in  Figures  7(a>(d)  for  PLZT-7,  S,  9,  and  10 
respectively,  p  was  calculated  from  the  field  dependence  of  the  elastic  response 
using  an  expansion  in  even  powers  of  the  field  (13).  The  maximum  coupling  was 
found  near  Tf  for  each  composition  irrespective  of  the  relative  temperature  of  the 
maximum  softening.  The  maximum  softening  may  occur  when  an  applied  stress 
most  effectively  couples  to  the  internal  strain  through  the  rotostriedon,  whereas  the 
maximum  in  P  may  occur  at  Tf  when  an  electric  field  nx>st  effectively  couples  to  the 
internal  strain  through  the  electrostriction.  The  relative  temperatures  of  the 
maximum  softening  and  electroelastic  coupling  show  that  both  rotostrictive  and 
electrostrictive  contributions  to  the  total  response  are  important. 

The  frequency  dependence  of  the  elastic  stiffness  is  illustrated  in  Figure  8(a) 
for  PLZT-7.  This  graph  shows  the  elastic  stiffness  as  a  function  of  temperature  at 
measurement  frequencies  of  25  and  150  Hz.  The  dispersion  in  the  temperature  of 
the  maximum  softening  is  obvious  and  occurred  below  Tf.  Anelasticity  is  a 


reflection  of  internal  stress  relaxations,  and  is  required  to  occur  in  any  elastically 
dispersive  system.  The  tilting  of  the  oxygen  framework  in  the  low  temperature 
rhombohedral  phase  is  known  to  reduce  the  strain  in  the  octahedra,  the  anelastic 
response  may  then  be  a  reflection  of  the  kinetics  of  this  ferroelastic  switching.  It  is 
proposed  that  within  a  micropolar  region  the  orientations  of  the  tilts  fluctuate  above 
a  characteristic  anelastic  freezing  temperature  (Tf ),  and  that  the  frustration  in  the 
frozen  state  is  partially  elastic.  The  kinetics  of  the  anelastic  relaxation  may  be 
determined  in  pan  as  a  response  to  the  polarization  flucniations  as  an  attempt  to 
relieve  its  corresponding  electrostrictive  strain.  The  freezing  of  the  polarizadon  and 
electrostrictive  strains  are  coupled,  however  the  freezing  of  the  stress  relaxations 
due  to  the  rotostricdon  is  independent.  Consequendy  the  freezing  temperatures  of 
the  dielectric  and  anelasdc  relaxadons  may  vary.  The  nature  of  the  glassy  phase  of 
PLZT  may  then  different  from  that  of  PMN,  because  the  strain  inhomogeneity  can 
be  partially  relieved  below  Tf  by  the  oxygen  tilting.  The  elastic  stiffness  of  PLZT- 
10  is  shown  in  Figure  8(b)  for  comparison.  The  dispersion  in  the  response  is 
signiftcandy  less  than  for  PLZT-7,  and  the  temperature  of  the  maximum  softening 
occurred  near  its  respective  maximum  dielectric  softening. 

PLZT  relaxors  are  known  to  have  antiphase  boundaries  separating  regions 
which  have  a  F-type  superstructure  (doubling  of  the  unit  cell)  as  found  by  Randall 
using  TEM  (2).  This  is  the  same  type  of  superstructure  known  to  occur  in  the  low 
temperature  rhombohedral  phase  of  PZT  due  to  the  tilting  of  the  oxygen  octahedra. 
A  possible  explanation  is  that  the  antiphase  boundaries  in  PLZT  separate  polar 
clusters  with  opposing  tilts.  The  size  of  the  antiphase  regions  and  the  reflection 
intensity  of  the  superstructure  in  PLZT-9  have  been  found  to  grow  as  the 
temperature  is  decreased  below  OOC  (Tf=  260®K)  (2),  unlike  the  scale  of  the 
"fossil"  chemistry  in  PMN  (17)  which  is  known  to  be  static  with  decreasing 
temperature.  The  rhombohedral  rhombohedral  boundary  is  close  in  temperature  to 


the  onset  of  growth  of  the  antiphase  regions  and  superlattice  intensity  for  this 
composition.  The  implication  is  that  the  coarsening  of  the  antiphase  domains  occurs 
near  and  below  the  freezing  temperature  of  the  anelastic  relaxations.  The  driving 
force  of  the  coarsening  may  be  the  minimization  of  the  local  elastic  strain  energy  by 
partially  relieving  the  inhomogeneity  in  the  electrostrictive  strains  due  to  the  tilting 
of  the  oxygens.  Strain  fields  between  precipitates  are  well  known  to  influence  the 
phase  separation  process  and  coarsening  in  solid  solutions  (18).  The  tilting  of  the 
octahedra  occurs  due  to  a  softening  of  a  R-point  r25  mode  in  the  high  temperature 
rhombohedral  phase.  It  has  been  suggested  that  the  softening  of  the  r25  mode 
plays  an  essential  role  in  the  antiferroelectric  phase  transition  near  the  PbZr03  side 
of  the  PZT  phase  diagram  (19),  consequently  the  possibility  of  antiferroelectricity  in 
PLZT  (65/35)  as  suggested  by  Randall  should  not  be  ignored  as  an  alternative 
explanation. 

Effective  third  order  elastic  constants  for  PLZT-8  and  10  are  shown  in 
Figures  9(a)  and  (b)  respectively,  under  zero  bias.  The  temperature  of  the  maximum 
elastic  softening  under  stress  followed  the  rhombohedral  rhombohedral  boundary 
for  all  compositions  investigated.  The  stress  sensitivity  of  PLZT  is  well  known 
(1,20)  and  arises  due  to  a  large  planar  coupling  coefficient.  The  microscopic  origins 
of  the  elastic  softening  and  large  coupling  coefficient  may  be  due  to  a  stress  driven 
ferroelastic  switching  of  the  octahedral  tilt,  partially  relieving  the  internal  strain.  The 
naniral  elastic  hardening  is  observed  at  higher  temperatures,  when  the  deformation 
process  is  much  faster  than  the  applied  AC  stress.  The  maximum  nonlinearities  can 
then  be  expected  at  temperatures  near  the  rhombohedral  rhombohedral  phase 
boundary  for  compositions  having  the  largest  strain  inhomogeneity.  The  room 
temperature  (321)  diffraction  peaks  for  PLZT-7,  8, 9,  and  10  at  various  bias  levels 
are  shown  in  Figures  10(a)-(d)  respectively.  The  width  of  the  peak  decreased  with 
increasing  La  content  indicating  that  the  inhomogeneity  is  maximum  at  lower  La 


contents.  These  results  are  in  agreement  with  the  compositional  dependence  of  the 
elastic  nonlinearities  shown  in  Figure  8(c),  which  are  taken  at  the  respective  Tnux 
for  each  composition.  The  maximum  softening  can  be  seen  to  occur  between  7  and 
8  atomic^.  At  higher  La  contents  the  magnitude  of  the  softening  was  significantly 
less  which  is  in  agreement  with  the  strong  decrease  in  the  internal  strain  and  planar 
coupling  coefficient  (1).  The  effective  third  order  elastic  constant  under  10  kV/cm  is 
also  shown  in  Figures  9(a)  and  (b)  for  PLZT-8  and  10,  respectively.  The 
magnitude  of  the  softening  decreased  with  increasing  bias.  This  can  be  understood 
as  a  decrease  in  the  internal  strain  due  to  the  alignment  of  moments.  Consequently, 
the  internal  deformation  process  is  less  stress  sensitive. 

The  stress  driven  fenroclastic  switching  may  essentially  involve  a  micro  to 
macro  domain  transition.  Stress  induced  macrodomain  formation  has  been  visually 
observed  for  compositions  between  4  and  8  atomic%  La  (1),  but  not  for  La  contents 
greater  than  10  atomic%.  This  agrees  with  the  compositional  dependence  of  the 
elastic  nonlinearides,  internal  strain,  and  coupling  coefficient.  The  morphology  of 
the  antiphase  domains  in  the  absence  of  an  ordering  field,  as  observed  by  Randall 
(2),  is  suggestive  of  an  elastically  isotropic  environment.  The  isotropy  may  be  a 
reflection  of  the  random  freezing  of  the  orientations  of  the  local  electrostrictive 
strains.  Under  prolonged  illumination,  the  morphology  was  switched  to  finely 
aligned  domains  (2).  The  observed  elastic  nonlinearities  may  then  relate  to  stress 
induced  local  elastic  anisotropy  and  the  establishment  of  long  range  elastic  ordering 
of  the  strains.  The  glassy  character  of  relaxors  is  then  destroyed  by  an  ordering 
stress  which  establishes  a  global  equilibrium.  In  the  composition  range  between  6 
and  8  atomic%  the  crystal  structure  has  been  reponed  to  depend  on  its  orientation 
with  respect  to  an  applied  electrical  or  mechanical  field  (1),  the  so-called 
polymorphism.  This  is  the  same  composition  range  where  the  inhomogeneity  in  the 
internal  strain  was  maximum  (see  Figures  10(a)-(d)).  The  polymorphism  may  be  a 


reflection  of  the  local  elastic  isotropy  of  the  unpoled  state,  and  of  a  strong  desire  by 
the  macroscopic  system  to  relieve  the  frustration  associated  with  the  internal  strain. 

When  La  is  added  to  PZT,  charge  neutrality  is  preserved  by  creating  lead 
vacancies  (21),  one  vacancy  for  every  two  La  atoms.  The  role  of  La  in  the 
development  of  the  relaxational  character  is  probably  to  break  the  translational 
symmetry  of  the  polarization  within  the  domains,  either  by  heterogeneities  in  the 
composition  or  the  electric  field  associated  with  the  defect  structure.  The  net  effect 
is  that  the  polar  behavior  is  localized  on  a  scale  where  relaxational  processes  can 
contribute  to  the  dielectric  response.  Between  4  and  7  atomic%  La  the  magnitude  of 
the  response  was  dispersive,  but  there  was  no  dispersion  in  Tmax  at  radio 
frequencies  until  near  8  atomic%  (see  figure  3(a)-(d)).  Figure  1 1(a)  shows  a  plot  of 
1/Tmax  as  a  function  of  the  In(aj)  for  PLZT-7  at  DC  bias  levels  of  0  and  4  kV/cm. 
1/Tmax  approached  a  constant  value  at  approximately  40  KHz  under  0  kV/cm,  but 
under  4  kV/cm  the  low  frequency  Tmax  was  much  more  dispersive.  The  dispersion 
of  Tmax  under  4  kV/cm  was  modelled  using  the  Vogel-Fulcher  relationship  (5), 
shown  as  the  solid  line  in  the  figure.  An  activation  energy,  freezing  temperature, 
and  pre-exponential  factor  of  0.086  eV,  380.5®K,  and  10^^  sec’^  were  obtained 
respectively.  The  remanent  polarization  as  a  function  of  temperature  is  shown  in 
figure  11(b).  The  extrapolation  of  the  collapse  in  the  polarization  to  zero  yielded  a 
temperature  of  approximately  105®C  which  is  close  to  the  freezing  temperature. 
Analysis  of  the  results  under  0  kV/cm  yielded  erroneous  values  for  the  parameters, 
for  example  a  pre-exponential  factor  of  lO^.  It  is  proposed  that  at  the  lower  La 
contents  the  inhomogeneity  in  the  internal  strain  clamps  the  polarization 
fluctuations,  and  on  application  of  i  small  bias  the  inhomogeneity  is  partially 
relieved  and  the  kinetics  of  the  fluctuations  enhanced.  The  clamping  may  occur  by 
local  alignments  of  cluster  moments,  consequently  slowing  down  the  kinetics  of  the 
polarization  fluctuations.  Local  equilibrium  configurations  of  moments  on  the  scale 
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of  100*200  have  been  proposed  previously  (22).  On  application  of  a  field, 
these  configurations  must  be  overridden  before  a  global  equilibrium  can  be 
established.  The  broadening  of  the  dielectric  response  at  low  La  contents  may  also 
be  caused  by  the  strain  inhomogeneity,  and  may  not  necessarily  be  related  to  a 
distribution  of  local  Curie  temperatures  as  predicted  by  the  Smolcnski  model  (6). 
The  broadening  of  the  response  is  significandy  larger  than  for  PMN. 

Figures  12(a)-(d)  show  plots  of  U^max  as  a  function  of  the  In(co)  for  PLZT- 
7,  8,  9,  and  10  respectively.  Each  figure  contains  data  under  various  bias  levels. 
With  increasing  La,  the  field  dependence  of  the  dispersion  in  Tmax  decreased.  The 
dispersion  under  zero  bias  could  not  be  effectively  modelled  for  PLZT-7  and  8,  but 
reasonable  results  were  obtained  at  all  bias  levels  for  PLZT-9  and  10.  This  is 
probably  a  reflection  of  the  compositional  dependence  of  the  strain  inhomogeneity. 
The  Vogel-Fulcher  freezing  temperature  is  tabulated  in  table  1,  along  side  the 
corresponding  La  content.  Tf  was  determined  by  the  temperature  of  the  collapse  in 
the  remanent  polarization  for  PL2T-6  and  6.5.  The  compositional  dependence  of 
the  second  order  nonlinear  permittivity  at  Tmax  (XnlCTmax))  ^  shown  as  a  function 
of  composition  in  Figure  13  for  comparison.  Xnl  was  calculated  from  the  field 
dependence  of  the  permittivity  using  an  expansion  in  even  powers  of  the  field  (22). 
The  dielectric  response  was  soft  to  small  applied  biases  for  La  contents  greater  than 
6.5  atomic%,  and  stiff  for  lower  La  content.  The  maximum  softening  was  observed 
between  7  and  8  atomic%,  near  the  maximum  field  dependence  of  the  dispersion  in 
Tmax-  At  higher  La  contents,  the  response  was  nearly  linear. 

The  deviation  from  the  Vogel-Fulcher  freezing  of  the  polarization  fluctuations 
may  arise  due  to  the  frustration  associated  with  the  strain  in  homogeneity.  The 
inhomogeneity  depends  on  the  La  content  which  is  probably  a  reflection  of  the 
relative  sizes  of  the  cluster  moments.  The  dipolar  and  quadrupolar  interactions  scale 
as  l/r2  and  l/r^,  respectively.  The  maximum  strain  inhomogeneity  will  then  be 


found  near  a  critical  composition  when  the  density  of  polar  regions  is  relatively 
high,  and  the  distances  between  them  relatively  small.  This  composition  seemingly 
occurs  between  6  and  8  atomic^  when  the  temperature  of  the  rhombohedral 
rhombohedral  boundary  approaches  Tf.  Even  though  the  polarization  fluctuations 
are  coupled  to  the  fluctuations  of  the  electrostrictive  strains,  their  freezing 
mechanism  may  vary  as  a  function  of  La  content  reflecting  a  change  in  the  dominant 
field  between  cluster  moments.  The  freezing  mechanism  may  also  vary  as  a 
function  of  an  ordering  field,  due  to  the  removal  of  the  strain  inhomogeneity.  The 
changes  in  the  dielectric  and  anelastic  responses  with  La  content  can  then  be 
understood  as  a  reflection  of  the  change  in  the  nature  of  the  glassy  character.  The 
frustration  in  PMN  has  also  been  shown  to  have  contributions  from  both  dipolar 
and  quadrupolar  interactions  (13).  The  differences  between  the  glassy  behavior  in 
PLZT  and  PMN  may  relate  to  differences  in  the  magnitude  of  the  inhomogeneity, 
and  dlting  of  the  oxygen  octahedra. 

A  summary  of  the  results  are  illustrated  in  a  revised  phase  diagram  for  PLZT 
(65/35)  shown  in  Figure  14.  The  rhombohedral  rhombohedral  phase  boundary,  as 
determined  here,  is  extended  to  La  contents  upto  12  atomic9b.  The  low  and  high 
temperature  rhombohedral  phases  are  shown  as  F.E.  rhom.  I  and  U,  respectively. 
The  rclaxational  character  of  the  dielectric  response  of  PLZT  began  to  be  noticeable 
between  4  and  5  atomic9b  La  which  is  illustrated  as  a  dashed  line  in  the  diagram. 
The  temperature  of  the  onset  of  local  polarization,  Tsums*  shown  in  the  phase 
diagram  as  a  dashed  line  at  6230K.  Tbutus  ‘S  shown  to  exist  for  all  La  contents  to 
illustrate  that  the  effect  of  the  heterogeneity  is  incipient  from  the  addition  of  very 
small  amounts  of  La.  Although  the  equilibrium  size  of  the  relaxing  units  may  be 
determined  by  the  heterogeneity,  TBums  does  not  necessarily  reflect  the  onset  of 
the  rclaxational  process  and  the  namre  of  the  relaxor  ferroelectric.  At  TBums-  local 
distortions  start  to  occur  in  a  stiff  matrix.  At  lower  temperatures  a  percolation  limit 


may  be  reached  when  the  matrix  can  stan  to  deform  in  response  to  the  polarization 
fluctuations,  consequently  the  orientation  of  the  electrostrictive  strain  may  fluctuate. 
An  isothermal  line.  Tperc.  is  shown  in  the  phase  diagram  to  represent  this 
temperature.  Evidence  of  such  behavior  has  been  found  by  Darlington  (23)  who 
showed  that  an  inhomogeneity  in  the  volume  deformation  saturated  when  an 
inhomogeneity  in  the  shear  deformation  staned  to  develop  at  about  15°C  below 
TBums-  A  dashed  line  is  drawn  in  the  diagram  to  represent  the  compositional 
dependence  of  the  100  Hz  Tmax.  shown  as  Tmax-  A  solid  line  is  drawn  in  the 
diagram  to  represent  the  compositional  dependence  of  the  Vogel-Fulcher  freezing 
temperature,  shown  as  Tf.  The  freezing  temperature  is  shown  to  approach  0  K  near 
14  atomic%  La  which  is  close  to  the  composition  at  which  the  local  structure  is 
believed  to  be  cubic  (1).  The  rhombohedral  rhombohedral  phase  boundary  touches 
Tf  at  approximately  8  atomic%  La,  and  touches  Tmax  near  10  atomic%.  This  is  the 
compositional  range  where  the  strain  inhomogeneity  decreased  markedly.  The 
phase  region  defined  by  TBums  Tperc  is  shown  to  have  fluctuations  in  only  the 
polarization.  The  region  defined  by  the  line  Tperc  ®nd  the  compositional 
dependence  of  Tf  is  shown  to  have  fluctuations  in  the  polarization,  local 
electrostrictive  strain  fields  (orientation),  and  tilting  of  the  oxygen  octahedra 
(elastic).  The  region  defined  by  the  compositional  dependence  of  Tf  and  the 
rhombohedral  rhombohedral  phase  boundary  for  La  contents  greater  than  4 
atomic%  is  shown  to  have  fluctuations  in  the  tilting  of  the  oxygen  octahedra,  but  the 
piolarization  and  electrostrictive  strain  are  shown  to  be  frozen.  The  region  defined 
by  Tf  at  La  contents  above  8  atomic%  and  the  rhombohedral  rhombohedral  phase 
boundary  for  La  contents  between  4  and  8  atomic%  is  shown  to  have  the 
polarization,  electrostrictive  strain,  and  tilting  of  the  oxygen  octahedra  all  frozen. 
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CONCLUSION 

An  extension  to  the  rhombohedral  rhombohedral  phase  boundary  has  been 
proposed  for  La  contents  between  7  and  14  atomic%  based  on  the  compositional 
dependence  of  the  temperature  of  the  maximum  elastic  softening.  A  frequency 
dispersion  of  the  elastic  softening  has  also  been  found  below  the  freezing 
temperature  of  the  polarization  fluctuations  (Tf),  and  interpreted  as  the  kinetics  of 
internal  strain  relaxations  due  to  the  tilting  of  the  oxygen  octahedra.  The  glassy 
phase  in  PLZT  is  believed  to  be  different  than  PMN  due  to  this  additional 
ferroclastic  response.  Tf  has  also  been  determined  as  a  function  of  La  content.  A 
revised  phase  diagram  was  then  proposed  which  has  different  phase  regions  having 
various  combinations  of  freezing  mechanisms. 
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THE  DEPENDENCE  OF  THE  GLASSY  POLAR  BEHAVIOR  ON 
CHEMICAL  ORDERING  IN  RELAXOR  FERROELECTRICS 

Dwight  Viehland,  SJ.  Jang,  and  L.E.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 

Manfred  Wuttig 

Department  of  Nuclear  and  Materials  Engineering,  The  University  of  Maryland 

ABSTRACT 

The  complex  suscepdbility  of  lead  scandium  tantalate  relaxor  feiroelectrics  has 
been  modelled  for  samples  with  varying  degrees  of  long  range  chemical  ordering. 
The  development  of  correlations  between  polar  naoments  occured  relatively  sharply 
near  freezing  in  the  highly  ordered  state,  whereas  the  development  of  correlations  in 
the  partially  ordered  state  occurred  over  a  broadened  temperature  interval.  The 
relaxation  time  distributions  were  also  calculated.  A  sharp  peak  in  the  distribution 
was  found  on  freezing  in  the  highly  ordered  state,  characteristic  of  a  distinct 
condensation  of  moments.  The  distribution  in  the  partially  ordered  state  was  diffuse 
near  freezing,  suggestive  of  a  more  dispersive  condensation.  It  is  proposed  that  in 
the  highly  ordered  state,  the  polar  moments  freeze  into  configurations  with 
correlation  lengths  approaching  the  macroscopic  scale  typical  of  a  normal 
ferroelectric,  whereas  in  the  partially  ordered  state  the  moments  freeze  into  a  dipolar 
glass  phase. 


I.  INTRODUCTION 

A  relaxor  is  a  ferroelectric  material  which  exhibits  a  dispersion  of  the  complex 
susceptibility  in  the  zero  field  cooled  (ZFC)  state,  and  which  posesses  a  local 
polarization  to  temperatures  much  higher  than  the  radio  frequency  permittivity 
maximum  (Tmax)  (!)•  In  the  ZFC  state,  the  scale  of  the  polar  behavior  is  known  to 
remain  smaller  than  the  coherence  length  of  x-rays  (2)  down  to  liquid  nitrogen 
temperatures.  But  in  the  FC  state,  a  remanent  polarization  can  be  sustained  up  to  a 
characteristic  temperature,  and  normal  domains  are  observed. 

Smolenski  (3)  originally  proposed  that  underlying  the  relaxor  behavior  in 
Pb(Mgi/3Nb2/3)03  (PMN)  was  a  positional  disorder  on  the  B-site  cation  leading 
to  compositional  hetereogeneity  and  locally  varying  transition  temperatures,  which 
effectively  "diffused"  the  macroscopic  transition.  Randall  (6)  and  Harmer  (7)  have 
recently  observed  contrast  on  the  nanometer  scale  in  PMN  using  transmission 
electron  microscopy  (TEM).  It  is  believed  that  the  contrast  signals  compositional 
variation  on  the  scale  of  approximately  50  A°.  Setter  (5)  found  the  development  of 
a  superlattice  on  annealing  Pb(Sci/2Tai/2)03  (PST)  relaxors,  a  corresponding 
change  in  the  relaxor  behavior  was  also  observed.  In  the  annealed  sample  the 
relaxor  character  was  suppressed,  whereas  in  a  quenched  sample  it  was  enhanced. 
Randall  has  also  observed  small  scale  contrast  in  quenched  PST,  but  upon 
annealing  the  scale  of  the  contrast  coarsened  (8).  Such  coarsening  and 
corresponding  change  in  the  relaxor  character  upon  heat  treatment  have  not  been 
observed  in  PMN. 

Cross  (9)  has  proposed  that  the  scale  of  the  chemically  homogeneous  regions 
in  PMN  is  such  that  the  orientation  of  the  spontaneous  polarization  can  be  thermally 
agitated,  analogous  to  superaparamagnetism  (10).  He  has  recently  shown  that  the 
polarization  fluctuations  undergo  a  Vogel-Fulcher  type  freezing  (11),  analogous  to 
spin  and  dipole  glasses  (12,13,14).  It  was  suggested  that  correlations  between 


superparaelectric  sized  moments  were  responsible  for  freezing,  leading  to  a 
broadening  of  the  relaxation  time  distribution  (15)  and  a  deviation  from  Curie- 
Weiss  behavior  (16).  It  is  the  intent  of  this  work  to  study  the  dependence  of  the 
glassy  character  on  the  degree  of  long  range  chemical  ordering  (LRO)  in  PST. 

II.  EXPERIMENTAL  PROCEDURE 

The  data  analyzed  in  this  study  was  previously  reported  by  Setter  (5).  Her 
samples  were  PST  single  crystals  grown  by  a  flux  method,  and  were  aligned  along 
the  (100)  direction.  The  as  grown  single  crystals  had  a  high  degree  of  long  range 
positional  order  on  the  B-cation  site,  S=0.80  (where  S  is  the  %  LRO).  In  order  to 
introduce  chemical  disorder,  crystals  were  soaked  at  1 400^0  for  30  minutes  and 
subsequently  air  quenched,  resulting  in  S=0.35.  The  complex  susceptibility  was 
measured  as  a  function  of  temperature  between  120  and  -70®C  at  a  cooling  rate  of 
20C/min  using  a  HP  4270A  LCR  meter.  The  measurement  frequencies  used  were 
1,  10,  102,  and  lO^  KHz. 

III.  RESULTS  AND  DISCUSSION 

The  complex  susceptibility,  "»  of  PST  for  S=0.35  and  0.8  are  shown 

in  Figures  1(a)  and  (b).  A  plot  of  Curie-Weiss  behavior  (C/(T*0))  is  also  shown  in 
figure  1(a),  C  and  0  were  determined  from  high  temperatures  (*).  The  maxima  of  x' 
and  X "  were  supressed  with  decreasing  LRO,  and  shifted  to  lower  temperatures. 
Dispersion  of  Tmax  was  observed  in  both  samples,  but  the  degree  of  dispersion 
increased  with  decreasing  LRO.  The  dispersion  of  x’  was  also  enhanced  below 
Tmax  with  decreasing  LRO.  At  temperatures  above  15^C,  the  value  of  x’  for  both 
the  S=0.35  and  0.80  responses  exhibited  Curie-Weiss  behavior.  At  lower 
temperatures  deviation  from  Curie-Weiss  behavior  developed  which  increased  with 
decreasing  LRO.  The  width  of  the  absorption  peak  also  increased  with  decreasing 
LRO,  and  became  less  dispersive.  The  value  of  x"  was  essentially  frequency 
independent  below  -40  and  5®C  for  S=0.35  and  0.80,  respectively,  reflecting  a 
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freezing.  Similar  behavior  has  recently  been  observed  in  PMN  (15).  The  implication 
is  that  the  nature  of  the  frozen  state  is  strongly  dependent  on  the  degree  of  LRO, 
changing  from  spin  glass  like  behavior  for  S=0.35  to  normal  ferroelectric  behavior 
for  S=0.80. 

The  dispersion  of  Tmax  was  modelled  using  the  Vogel-Fulcher  relationship, 
l/x=l/toexp(-EaA:(T-Tf))  where  Ea  is  an  activation  energy  and  Tf  a  freezing 
temperature.  Minimum  variance  was  obtained  for  l/t©  equal  to  10^2  sec'^.  Ea  was 
found  to  be  0.03  and  0.015  eV  for  S=0.35  and  0.80,  and  Tf  equaled  233  and 
279®K  respectively  agreeing  with  the  temperatures  at  which  the  stable  remanent 
polarizations  collapsed  (5).  The  modelling  of  the  data  is  shown  in  Figures  2(a)  and 
(b).  The  deviation  from  Curie-Weiss  behavior  was  also  modelled  using  the 
Sherrington-  Kirkpatrick  relationship  (16,17);  %’=  C(l-q)/(T-6(l-q))  where  C  is  the 
Curie  constant,  6  the  Curie-Weiss  temperature,  and  q  a  local  order  parameter.  The 
modelling  was  done  using  the  100  KHz  permittivity  data.  The  parameters  C  and  6 
were  determined  from  high  temperatures  were  Curie-Weiss  behavior  was  observed, 
following  a  procedure  previously  described  (16).  The  paramters  C  and  0  were,  found 
to  be  independent  of  the  degree  of  LRO,  having  values  of  1.5x10^  and  310OK 
respectively.  This  suggests  that  the  temperature  of  the  onset  of  local  polarization 
(Tburns)  niay  also  be  independent  of  the  degree  of  LRO.  q  as  function  of 
temperature  for  S=0.80  and  0.35  is  shown  in  Figure  3.  For  S=0.35,  q  decreased 
nearly  linearly  between  200  and  300OK,  and  seemingly  tailed  to  zero  near  370OK. 
For  S=0.80,  q  decreased  slowly  between  200  and  260®K,  and  decreased 
dramatically  around  Tf  tailing  to  zero  near  350®K.  The  tailing  of  q  to  zero  occurred 
more  sharply  in  the  highly  ordered  state  than  in  the  partially  ordered,  indicating  the 
development  of  characteristics  of  a  normal  ferroelectric  transition. 

The  development  of  LRO  has  been  shown  to  occur  by  the  coarsening  of  B-site 
cation  ordered  regions  (8).  These  regions  were  on  the  scale  of  2-5  nm  in  the  partially 


ordered  (quenched)  state  (similar  size  as  in  PMN),  and  the  relaxor  behavior  is 
pronounced.  In  contrast  in  the  highly  ordered  (annealed)  state  the  scale  of  the 
regions  was  nearly  500  nm,  and  the  relaxor  character  suppressed.  These 
observations  suggest  that  the  relaxor  behavior  reflects  the  degree  of  LRO,  and 
consequently  the  scale  of  the  spontaneous  polarization.  The  larger  the  scale  of  the 
chemical  inhomogeneity,  the  larger  the  scale  of  the  homogeneously  polarized 
regions,  consequently  strong  correlations  can  develop  and  the  relaxor  character  is 
suppressed.  The  inhomogeneity  may  prevent  the  development  of  correlations  by 
breaking  the  local  translational  symmetry  of  the  polarization,  "diffusing"  the 
dielectric  response  in  a  manner  which  reflects  the  temperature  dependence  of  the 
development  of  correlations.  The  sharp  change  in  q  near  Tf  for  S=0.80  shows  that 
correlations  develop  relatively  rapidly  over  a  small  temperature  interval,  and 
suggests  that  the  moments  may  freeze  into  ordered  configurations  with  correlation 
lengths  approaching  the  macroscopic  scale  similar  to  a  normal  ferroelectric.  The 
evolution  of  the  normal  ferroelectric  state  may  occur  by  the  development  of 
correlations  sufficiently  strong  to  override  the  chemical  inhomogeneity  which 
prevent  long  range  polar  ordering  in  the  quenched  state.  The  decrease  in  the  tailing 
of  q  to  zero  above  Tf  with  increasing  LRO  also  indicates  that  the  development  of 
correlations  between  moments  are  occuring  over  a  sharper  temperature  interval. 

Freezing  of  the  fluctuations  may  occur  when  q  reaches  a  cenain  value. 
Assuming  this  value  to  be  0.3,  it  can  be  seen  that  the  temperature  interval  (AT)  from 
q=0  to  0.3  is  larger  for  S=0.35  than  0.80.  The  Vogel-Fulcher  relationship  is 
believed  to  phenomelogically  describe  a  temperature  dependent  correlation  length 
between  Debye  relaxators  (18,19).  It  is  proposed  that  the  decrease  in  Ea  with 
increasing  LRO  is  a  reflection  of  the  sharper  temperature  interval  over  which 
correlations  develop.  The  smaller  the  temperature  interval,  the  smaller  the  dispersion 
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in  Tmax.  consequently  the  smaller  Ea.  At  the  limit  of  AT  approaching  zero,  Ea  is 
zero,  and  quite  simply  a  normal  ferroelectric  transition  occurs. 

On  zero  field  heating  ftom  the  field  cooled  state  to  temperatures  below  Tf  and 
subsequendy  recooling,  it  has  been  shown  that  the  macroscopic  polarization  does 
not  return  to  the  initial  value  in  the  partially  ordered  state  but  rather  remains  at  the 
value  of  the  highest  temperature  reached  (20).  Whereas  in  the  highly  ordered  state  Pr 
tends  to  return  to  its  initial  value  on  recooling.  These  results  show  that  the 
polarization  mechanism  of  the  disordered  state  is  glassy,  as  discussed  previously  for 
PMN  (21).  The  mechanism  in  the  highly  ordered  state  has  characteristics  of  a  normal 
ferroelectric,  in  which  the  temperature  dependence  of  the  spontaneous  polarization  is 
in  part  governed  by  Landau-Devonshire  phenomenology. 

The  dielectric  response  of  PMN  has  been  modelled  by  assuming  a  distribution 
of  relaxatois  (15),  by  analogy  to  spin  and  dipolar  glasses  (22).  Following  the 
previous  procedure,  x"  can  be  approximated  by ; 

X"(T,x)  =  x’o(T)G(T,t)  (1) 

where  G(T,t)  is  the  distribution  of  relaxation  times,  X'o(T)  the  low  frequency  limit 
of  xXT.to),  and  T=co*l.  The  isotemporal  cross  sections,  G(Xo,T),  as  a  function  of 
temperature  are  shown  in  Figure  4(a)  and  (b)  for  S=0.35  and  0.80,  respectively.  For 
S=0.35  the  relaxation  time  distribution  increases  distinctly  near  Tmax.  and  then 
decreases  slowly  with  decreasing  temperature  presumably  approaching  zero  near 
O^K.  With  increasing  frequency,  the  edge  of  the  distribution  moved  to  higher 
temperatures.  For  S=0.80  similar  behavior  was  observed,  but  a  sharp  maximum  in 
G(Xo,T)  was  observed  at  Tf.  Above  Tf  the  edge  of  the  distribution  was  not 
significantly  dispersive  in  the  frequency  range  investigated,  and  below  Tf  G(Xo,T) 
was  much  smaller  than  for  S=0.35.  The  sharp  maximum  in  G(Xo,T)  near  Tf  for 
S=0.80  indicates  that  there  is  a  distinct  condensation  of  moments.  This  sharp 


condensation  is  somewhat  charactehsdc  of  a  phase  transidon,  rather  than  a  freezing 
into  a  glassy  state. 

Temperature  dependent  relaxation  time  spectra  for  S=0.35  and  0.80  are 
proposed  in  Figures  5(a)  and  (b),  respecdvely.  Both  figures  show  the  isothermal 
width  of  the  spectrum  becoming  very  broad  near  Tf,  approaching  the  macroscopic 
dme  regime.  The  shonest  relaxadon  dme  ('Cmin)  is  shown  to  approach  macroscopic 
times  only  at  temperatures  far  below  Tf  for  both  distributions.  The  shape  of  the 
distribution  for  S=0.80  is  shown  to  be  much  less  frequency  dependent  than  for 
S=0.35,  remaining  relatively  independent  until  microscopic  times.  The  temperature 
of  the  maximum  relaxation  time  (tmax)  is  also  shown  to  be  much  less  dispersive 
than  for  the  disordered  state,  again  only  becoming  frequency  dependent  in  the 
microscopic  regime.  In  the  microscopic  regime  the  distribution  for  S=0.80  is  shown 
to  sharpen  more  rapidly  with  increasing  temperature  than  for  S=0.35.  At  higher 
temperatures,  tmax  is  shown  to  approach  tdebye  nc^r  Tbums  for  both  distributions 
illustrating  the  fact  that  the  temperature  of  the  onset  of  local  polarization  is  not 
significantly  dependent  on  the  degree  of  LRO.  In  the  limit  of  S=1  the  distribution 
would  continue  sharpening  around  Tf,  Tmax  would  be  nondispersive  until 
frequencies  approaching  Tdebye*  and  the  distribution  would  be  skewed  more 
towards  macroscopic  times  at  Tf. 

A  summary  of  the  results  are  illustrated  in  the  phase  diagram  shown  in  Figure 
6.  The  region  bounded  by  0  and  Tf  is  shown  to  have  the  polarization  thermally 
fluctuating.  The  polarization  fluctuations  are  shown  to  freeze  into  a  glassy  phase  for 
low  degrees  of  LRO.  This  glassy  behavior  has  previously  been  shown  to  arise  due 
to  correlations  between  superparaelectric  moments  (11,15,16,21).  The  phase 
boundary  is  extrapolated  to  O^K  at  a  finite  degree  of  LRO.  The  extrapolation  was 
done  to  illustrate  the  fact  that  below  a  certain  chemical  cluster  size,  superparaelectric 
effects  will  not  be  observed.  The  polarization  fluctuations  are  shown  to  freeze  into  a 


ferroelectric  phase  with  rhombohedral  symmetry  for  high  degress  of  LRO.  The 
boundary  between  the  spin  glass  and  ferroelectric  phases  is  dashed  in,  but  in  reality 
there  is  probably  a  gradual  transition  from  the  glassy  state  to  the  ferroelectric  state. 
The  paramters  0  and  Tbums  a*®  shown  to  be  essentially  independent  of  the  degree 
of  LRO,  indicating  that  they  are  solely  determined  by  the  macroscopic  composition. 
The  value  of  Tf  is  shown  to  approach  6  as  the  %LRO  approaches  one,  indicating  the 
relaxor  character  is  incipient  from  small  degrees  of  disorder. 

IV.  CONCLUSIONS 

The  deviation  from  Curie-Weiss  behavior  has  been  modelled  for  PST  samples 
with  various  degrees  of  long  range  chemical  ordering.  A  distinct  increase  in 
correlations  between  moments  was  found  near  Tf  in  the  highly  ordered  state.  It  was 
consequently  proposed  that  the  polarization  fluctuations  "freeze"  into  a  ferroelectric 
state  in  the  highly  ordered  samples,  and  into  a  dipolar  glass  state  in  the  partially 
ordered.  The  relaxation  time  distributions  were  also  calculated  for  both  the  highly 
and  partially  ordered  states,  and  a  phase  diagram  as  a  function  of  the  percentage  long 
range  order  proposed. 
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Figure  1.  (a)  The  dielectric  permittivity  (x')  of  PST  for  S=  0.35  and  0.80  as  a 
function  of  temperature  at  measurement  frequencies  of  1,  10,  and  10^  KHz.  The 
top  curve  is  the  lowest  frequency  and  the  bottom  the  highest,  (b)  The  imaginary  part 
of  the  dielectric  response  (x")  as  a  function  of  temperature  for  measurement 
frequencies  of  1, 10,  and  10^  KHz.  The  bottom  curve  is  the  lowest  frequency,  and 
the  top  the  highest. 

Figure  2.  Inverse  of  the  temperature  of  the  permittivity  maximum  as  a  function  of 
the  measurement  frequency  for  PST.  (a)  S=0.35,  and  (b)  S=0.80. 

Figure  3.  The  reduced  100  KHz  RMS  polarization  (q)  as  determined  from  the 
deviation  from  Curie- Weis  behavior. 

Figure  4.  The  relaxation  time  distribution  of  PST  for  S=0.35  and  0.80  as  a 
function  of  temperature  at  various  measurement  frequencies.  The  bottom  curve  is 
the  lowest  frequency,  and  the  top  curve  the  highest 

Figure  5.  Diagram  illustrating  the  proposed  temperature  depedent  relaxation  time 
spectrum  for  PST.  Where  Gft)  is  the  number  of  polar  regions  having  a  relaxation 
time  T,  Tf  is  the  freezing  temperature,  and  is  the  Debye  frequency,  (a)  S=0.35, 
and  (b)  S=0.80. 

Figure  6.  Phase  diagram  of  PST  as  a  function  of  percentage  long  range  chemical 
ordering.  Where  Tf  is  the  freezing  temperature,  and  0  the  Curie  temperature. 
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Abstract  The  preliminary  characterization  of  the  structural  and  dielectric 
properties  of  compositions  from  the  solid  solution  system  (I-x)  Pb(Sci/2Tai/3)03 
•  (x)  PbTi03  is  presented.  A  morphotropic  phase  boundary  between  rhombohedral 
(pseudocubic)  and  tetragonal  compositions  is  observed  to  exist  between  x  =  0.4  and 
X  s  0.45.  A  wide  range  of  dielectric  response  is  exhibited  by  the  various 
compositions  investigated  ranging  from  the  diffuse  dispersive  response 
characteristic  of  relaxor  •  type  ferroelectrics  to  the  sharp  K(T)  response  associated 
with  normal  ferroelectrics.  A  high  dielectric  constant  maximum  is  observed  for 
all  compositions  with  a  peak  K(max)  of  33000  occurring  for  x=0.4. 

INTRODUCTION 

A  relaxor  ferroelectric  is  generally  charactcrizei  jj  the  following:  (a)  a  diffuse  and 
dispersive  dielectric  response  as  a  function  of  temperature  and  frequency  in  the  radio 
frequency  range,  (b)  a  quadratic  dependence  of  the  inverse  permittivity  on 
temperature,  (c)  a  remanent  polarization.  P(r),  which  does  not  exhibit  a  sharp 
transition  but  rather  gradually  varies  through  a  broad  range  of  temperatures  so  that 
the  maximum  spontaneous  polarization.  P(s),  occurs  only  at  temperatures  well 
below  that  of  the  dielectric  maximum  and.  (d)  a  pseudocubic  nature  whereby  there  is 
observed  virtually  no  optical  anisotropy  or  x-ray  diffraction  line  splitting  when 
specimens  are  cooled  to  very  low  temperatures.  Typical  relaxor  materials  have  either 
a  perovskite  or  tungsten  -  bronze  stucture. 

Perovskite  relaxor  ferroelectrics  of  the  form  AB03  generally  occur  with  the  A 
and/or  B-sites  shared  by  two  or  more  cations  of  the  appropriate  valence  and  ionic 
radii.  The  weak  field  dielectric  permittivity  and  Tan8  as  a  function  of  temperature 
and  frequency  exhibit  broad  dispersive  maxima  characteristic  of  a  diffuse 
ferroelectric  transition  This  behavior  has  been  described  by  the  theory  of 
"compositional  fluctuations"  in  which  local  variations  in  composition  lead  to  the 
formation  of  ferroelectric  (polar)  and  paraelectric  (non-polar)  microregions  on  the 
order  of  100  -  200  A.  •  Each  polar  region  will  possess  its  own  Curie  temperature 
dependent  on  its. local  composition  so  that  the  material  as  a  whole  will  proceed 
through  the  transition  over  a  range  of  temperatures  known  as  the  Curie  range.  Polar 
regions  with  volumes  on  the  order  of  100  (A^)  are  unstable  against  thermal  agitation 
and,  hence,  the  distribution  and  relative  density  of  the  microregions  are  strongly 
temperature  dependent.  ^ 

TTie  material  of  interest  in  this  study  is  Pb(Sci/2Ta  1/2)03  (PST),  a  relatively 
simple  system  whose  degree  of  ordering  can  be  easily  "adjusted"  by  the  appropriate 
heat  treatment  and  is  readily  characterized  for  its  degree  of  order  by  x-ray  diffraction. 
Previous  investigations  of  this  material  were  concerned  chiefly  with  the  unmodified 
compound  and  correlated  the  occurrence  of  relaxor  behavior,  as  evidenced  by  the 
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dispersion  of  K(T)  in  the  radio  frequency  range,  with  the  degree  of  ordering.  3-3 
This  study  extends  this  previous  work  by  considering  the  solid  solution  system  of 
( l-x)  Pb(Sci/2Tai/2)03  -  (x)  PbTiO  for  which  a  variety  of  order  /  disorder 
conditions  exist  as  a  function  of  composition.  This  system  is  unique  in  that,  unlike 
other  complex  systems  of  its  kind,  it  could  conceivably  cover  the  entire  spectrum  of 
ferroelectric  behaviors  specifically  associated  with  the  three  main  catagories  of 
structural  ordering^  indicated  in  Table  1  for  this  family  of  materials.  Based  on  the 
preliminary  results  of  this  study,  it  appears  that  the  system  (l-x)Pb(Sci/2Tal/2)03  • 
(x)PbTi03,  being  of  variable  structural  order  both  by  means  of  heat  treatment  and 
compositional  variations,  will  exhibit  the  representative  ferroelectric  behavior  of  all 
three  states  of  structural  order  shown  in  Table  1.  This  "all-in-one"  system  could 
thereby  be  of  considerable  importance  in  further  elucidating  the  fundamental  nature 
of  relaxor  ferroelectric  materirds  as  it  correlates  to  structural  (dis)order. 

In  this  preliminary  investigation  of  the  solid  solution  we  have  sought  to  locate  the 
morphotropic  phase  boundary  region  by  means  of  x-ray  diffraction  and  dielectric 
measurement.  The  effect  of  compositional  variations  on  the  nature  of  the 
ferroelectric  behavior  as  evidenced  in  representative  K(T)  /  D(T)  curves  was  also 
examined. 

TABLE  1.  Classificaiion  scheme  of  the  complex  lead  perovskiies.* 


ORDER  TYPE 

DISORDER 

SRO 

LRO 

FERROELECTRIC  BEHAVIOR 

NORMAL 

RELAXOR 

NORMAL 

FE/AFE 

FE/AFE 

MATERIALS 

PMN  :  PMN  .  PT 

PMN  .  PMN  •  PT 

PIN 

PZN:PZNPT 

PZNrPZNPT 

PST 

PZT 

PST  !  PSN 

PSN 

(i-()PST  •  (ilPT 

(I.i)PST  .  (i)PT 

(I'llPST  .  («)PT 

SAMPLE  PREPARATION 

Ceramic  samples  of  compositions  (i-x)Pb(Sci/2Tai/2)03  -  (x)PbTi03  [x:  0. 0.025, 
0.05.  0.1,  0.2,  0.3.  0.4,  0.45.  0.5)  were  prepared  by  a  conventional  mixed  oxide 
technique  employing  the  wolframite  precursor  method^  in  order  to  reduce  to  the 
occurrence  of  undesirable  pyrochlore  phases.  Starting  oxides  Sc203t  and  Ta205t 
were  initially  batched  and  double  calcined  at  1400*’C  for  4  hours  to  form  the 
wolframite  •  (ScTaOaJ  precursor  phase.  The  compositions  of  interest  were  then 
formulated  from  PbOl,  Ti02t,  and  ScTaOa,  ball  milled  with  zirconia  media  for  -6 
hrs  and  subjected  to  double  calcination  in  closed  crucibles  at  900  for  4  hours 
and  1000  "C  for  1  hour.  Pellets  (1-25  cm)  in  diameter  were  formed  and  sintered  in 

tPbO  (Johnson  Maithey  •  Materiali  Technology  UK  -  Grade  Al  J;  Sc203  (Boulder  Scieniinc  Co.  • 
99.99%);  Ta203  fHermann  C.  Starck  (Berlin)  -  Sund.  Opt.  Grade):  T102  (Aesar  (Johnson 
Matthey  Inc.)  •  99.999%) 
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sealed  crucibles  at  temperatures  ranging  from  1400-1560  ®C  and  for  times  (0.5  - 1.5 
hours]  depending  on  the  sample  composition.  Source  powders  of  PST  and  PbZr03 
were  used  to  maintain  a  suitable  Pb  atmosphere  within  the  crucibles.  Total  weight 
losses  after  sintering  were  typically  S  1  %  for  compositions  (x  ^  0.2]  and  somewhat 
higher.  2  -  5%,  for  those  with  (x  <  0.2]  for  which  the  higher  sintering  temperatures 
were  required. 

Samples  prepared  for  the  x-ray  diffraction  study  described  in  the  next  section 
were  all  sintered  at  1400  “C  for  1  hour  and  ground  to  a  powder  for  measurement. 
Specimens  for  dielectric  testing  were  cut  as  blocks  from  the  sintered  disks  typically 
(0.75  cm]  on  edge  and  (0.15  cm]  in  thickness.  The  sample  surfaces  were  ground 
(12  pm  A1203].  cleaned,  and  sputtered  with  gold.  Silver  contact  points  were  applied 
to  the  gold  sputtered  surfaces. 

X-RAY  DIFFRACTION 

Structure  type,  lattice  parameter,  theoretical  density,  and  the  degree  of  long  range 
structural  ordering  were  determined  for  each  composition  by  means  of  x-ray 
diffraction  using  a  Philips  APD3600  automated  x-ray  diffractometer  and  are  recorded 
in  Figure  1  and  Table  2.  Cu  Ka  radiation  was  employed.  Scans  were  made  on 
powder  samples  incorporating  a  Si  (SRM  640]  standard  over  a  range  jof  42  -  52  ® 
(20)  at  a  rate  of  (0.25  ^  /  min]  and  the  200  and  210  reflections  were  used  to 
determine  lattice  parameters  and  to  identify  the  region  of  the  morphotropic  phase 
boundary.  Compositions  for  which  (x  ^  0.4]  are  pseudocubic  with  lattice 
parameter,  a.  that  decreases  with  increasing  PbTi03  content  as  shown  in  Figure  1. 
The  density  also  decreases  with  increasing  x  (Table  2].  Compositions  (x  ^  0.45]  are 
tetragonal.  The  observations  recorded  in  Figure  1  along  with  the  associated  values 
of  Kmax(x),  to  be  described  further  in  the  next  section,  indicate  that  the 
morphotropic  phase  boundary  lies  in  the  composition  range  between  x  =  0.4  and 
X  =  0.45. 

The  degree  of  structural  order  was  evaluated  by  means  of  the  long  range  order 
parameter.  S,  which  is  deFmed  in  terms  of  the  relative  intensities  of  the  superlattice 
and  normal  lattice  reflections  as: 


where  the  superlattice  /  normal  reflection  pairs  generally  employed  are  1 1 1/2(X)  and 
311/222.  ^'5  The  long  range  order  parameter.  S.  describes  the  average  distribution 
of  ions  sharing  the  B-site;  a  completely  ordered  arrangement  of  ions  has  S=1  while 
a  completely  disordered  anangement  is  denoted  by  S=0.  The  calculated  ratio  in 
Equation  (1 )  is  determined  for  the  completely  ordered  condition  (S=l  ]  and  takes  on 
values  1 .33  and  0.59  for  the  1 1 1/200  and  3 1 1/222  pairs  respectively.  ^ 

The  long  range  order  parameter.  S.  was  determined  for  samples  in  this  series  for 
which  lx=0.025  -  0.1],  all  of  which  retained  some  degree  of  order  as  evidenced  by 
the  presence  of  superlattice  lines  at  the  sintering  and  /  or  calcination  steps  of  the 
processing  agenda.  The  1 1 1/200  reflection  pair  was  recorded  at  a  scan  rate  of 
[1  7min]  and  used  to  evaluate  S  in  these  cases.  It  is  seen  (Table  2]  that  some 
ordering  may  still  be  retained  for  the  (x=0.025]  and  (x=0.05]  specimens  which  were 
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TABLE  2.  Volume,  x*ny  density,  and  S  parameter  for  (i•R)Pb(Scl/3Tal/3)03  • 
(x)PbTi03. 


FIGURE  I  Lanice  parameter  and  K(max)  as  a  function  of  x. 
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sintered  at  a  somewhat  lower  temperature  than  what  was  employed  to  produce  the 
denser  samples  for  dielectric  measurement.  Superlattice  lines  were  also  persistent  in 
(x=0.l]  calcined  powders  indicating  a  degree  of  order  (S  -  0.3S]  but  were  not 
observed  in  the  sintered  samples.  Samples  of  all  three  compositions,  x  s  0.025, 
0.05, 0.1,  fired  at  temperatures  ^  1500**C  do  not  possess  superlattice  peaks.  It  has 
yet  to  be  determined  if  the  superstructure  detected  for  the  specimens  prepared  at 
lower  temperatures  reflects  a  true  ordering  of  the  solid  solution  phase  or  simply  that 
associated  with  remnant  Pb<Sct/2Tai/2)03.  A  more  thorough  investigation  of  these 
compositions  is  currently  underway  to  better  establish  both  the  degree  of  order  that  is 
retained  with  small  concentrations  of  PbTi03  and  the  range  of  compositions  for 
which  some  long  range  order  persists.  It  is  anticipated  that  for  those  compositions 
very  near  to  pure  PST  there  will  still  be  present  considerable  structural  ordering 
which,  as  for  PST,  may  be  affected  by  heat  treatment.  The  optimum  degree  of 
ordering  realized  in  these  specimens  will  likely  be  limited  by  the  concentration  of  Ti 
ions  whose  presence  is  expected  to  shorten  the  coherence  length^  of  the  ordering. 

DIELECTRIC  BEHAVIOR 

The  dielectric  constant.  K,  and  dissipation  factor,  D,  were  measured  as  a  function  of 
temperature  and  frequency  using  an  automated  system  consisting  of  an  oven  (Model 
2300,  Delta  Design  Inc.),  an  LCR  meter  (Model  4274A,  Hewlett  Packard  Inc.),  and 
a  digital  multimeter  interfaced  with  a  desk  top  computer  (Model  9816,  Hewlett 
Packard  Inc.).  Dielectric  runs  were  made  over  a  temperature  range  of  [-150  •  -1-260 
°C]  and  at  frequencies  of  100  Hz.  I  KHz,  10  KHz  and  lOOKHz. 

The  data  recorded  in  Table  3  and  plotted  in  Figures  2  and  3  were  taken  on  cooling 
at  1  KHz.  A  steady  increase  in  K(max)  is  observed  for  compositions  up  to  (x  s  0.4) 
beyond  which  there  is  seen  a  decrease  in  the  maximum  value  of  the  dielectric 
constant  (Table  3  ;  Figure  2).  The  temperatures  of  K(max)  and  D(max)  are  both 
seen  to  increase  markedly  with  increasing  x.  The  extremely  high  value  of  K(max) 
obtained  in  the  vicinity  of  the  morphotropic  phase  boundary  is  worthy  of  note  since 
it  is  indicative  of  strong  piezoelectric,  pyroelectric,  and  electrooptic  responses. 

The  existence  of  relaxor  nature  for  the  various  compositions  is  reflected  in  the 
values  of  the  diffuseness  coefficients  d  and  b(3/4)  (Table  3],  the  difference  (T(Kmax) 
♦  T(Dmax))  (Table  3  ;  Figure  3).  and  in  the  degree  of  dispersion  observed  fc  K(T)  / 
D(T)  in  the  vicinity  of  the  Curie  range  (Figure  4).  The  diffuseness  coefficient,  d,  is 
the  most  representative  physically  of  the  true  relaxor  nature  of  the  material  as  it  is 
derived  directly  from  the  quadratic  dependence  of  (I/K)  on  temperature, 
characteristic  of  this  class  of  ferroelectrics.  This  quadratic  dependence  has  been 
described  in  conjuction  with  the  ’’composition  fluctuation”  model.  A  large  d 
value  reflects  a  strong  relaxor  type  response.  The  coefficient  b(3/4)  is  the  width  of 
K(T)  at  values  (3/4  K(max)l.  It  is  a  measure  of  diffuseness  frequently  employed  by 
Stenger,  et  al.  ^  to  characterize  the  relaxor  nature  of  PST  and,  hence,  is  presented 
here  with  the  more  conventional  parameter,  d.  to  facilitate  comparison  with  earlier 
results  on  PST.  A  large  value  of  b(3/4)  indicates  a  strongly  diffuse  K(T) 
characteristic,  but  does  not  in  itself  completely  reflect  the  relaxor  nature  of  the 
material. 


tThe  coherence  lengih  is  denned  in  terms  of  the  size  of  ordered  domains  as  determined  by  TEM.  ^ 
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TABLE  3.  Dielectric  dau  for  (I-x)Pb(Sci/9Tai/2)03  •  (x)PbTt03. 
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FIGURE  2  K(T)  ai  I  KHz  for  (bold  curve)  PST,  (a)  x=  0.025,  (b)  x=0.05,  (c)  x=0. 1 . 
(d)  x=0.2,  (e)  x=0.3.  (0  x=0.4,  (g)  x=0.43,  and  (h)  0.5. 
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It  is  seen  from  the  data  appearing  in  Table  3  and  Figure  3  that  with  increasing  x 
the  relaxor  type  response  of  the  materia]  is  steadily  decreasing  as  evidenced  by  Uie 
decrease  in  the  coefficients  d  and  b(3/4)  and  the  reduction  in  the  difference  between 
the  temperatures  of  K(max)  and  D(max).  The  change  in  the  shape  of  K(T)  and  the 
magnitude  of  K(max)  with  x  at  1  KHz  is  shown  in  Figure  2  where  there  is 
observed  a  definite  sharpening  of  the  peak  as  x  approaches  the  morphotropic  phase 
boundary  and  the  steady  increase  of  K(max)  up  to  x  =  0.4  followed  by  a  reduction 
in  K(max)  through  the  morphotropic  phase  boundary  region.  The  dispersion  of 
K(T)  is  also  observed  to  become  considerably  less  with  increasing  concentrations  of 
PbTi03  as  shown  in  Figure  4  for  compositions  (x:  0.025. 0.3. 0.5]  respectively. 
Hence,  we  see  for  this  solid  solution  system  a  wide  range  of  ferroelectric  behaviors 
extending  from  full  relaxor  to  normal  ferroelectric  responses  which  are  dictated  by 
both  the  variations  in  structural  ordering,  which  develop  with  the  addition  of  Ti  ions 
to  the  B-site  of  the  perovskite  lattice,  as  well  as  to  the  transformation  of  the  structure 
to  that  of  the  normal  first  order  ferroelectric  PbTi03. 


FIGURE  3.  K(T)  and  D(T)  at  I  KHx  for  (a)  x=0.025.  (b)  x«0.3.  and  (c)  x=0.5. 


SUMMARY 

Compositions  from  the  solid  solution  system  (l-x)Pb(Sci/2Tai/2)03  -  (x)PbTi03 
were  prepared  as  ceramics  through  x  s  0.5  in  order  to  identify  the  region  of  the 
morphotropic  phase  boundary  and  to  monitor  the  effect  of  increasing  PbTi03  content 
on  the  dielectric  response,  llie  morphotropic  phase  boundary  was  observed  to  lie  in 
the  composition  range  between  x=0.4  and  x=0.45.  The  dielectric  constant.  K,  and 
dissipation  factor.  D.  were  measured  as  a  function  of  temperature  and  frequency. 
The  maximum  dielectric  constant  was  observed  to  increase  steadily  on  approaching 
the  morphotropic  phase  boundary  with  increasing  x  reaching  a  peak  value  of  33000 
for  the  x=0.4  composition  beyond  which  the  dielectric  constant  maximum  was 
observed  to  decrease.  The  dielectric  response  becomes  less  diffuse  and  dispersive 
with  inaeasing  PbTi03  content  reflecting  a  decrease  in  relaxor  type  behavior. 
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FIGURE  4.  Dispersion  of  K(T)  at  100  Hz.  1  KHz.  10  KHz.  and  100  KHz  for  (a) 
xsO.025.  (b)  x=0.3.  and  (c)  x=0.5. 
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Abstract  Single  crystals  in  the  lead  magnesium  niobate-lead  titanate-(l-x) 
Pb(Mgi/3Nb2/3)03-(x)  PbTiOs  solid  solution  system  were  grown  using  a 
flux  growth  technique.  Crystals  over  the  compositional  range  of 
0.3  £  X  ^  0.4  being  near  the  rhombohedral  (pseudo-cubic) -tetragonal 
morphotropic  phase  boundary  were  characterized.  The  dielectric  behavior 
along  the  pseudo  cubic  [1111  snd  (100]  directions  were  measured  as  a 
function  of  temperature  and  frequency.  The  effect  of  poling  was  also 
examined. 


INTRODUCTION 

The  complex  perovskite  lead  magnesium  niobate  [Pb(Mgi/3Nb2/3)03], 
hereafter  designated  PMN,  exhibits  a  diffuse  phase  transition  (Tc  ~  lO’C)  and 
strong  frequency  dispersion  in  the  dielectric  behavior  characteristic  of  a  relaxor 
ferroelectric.^*)  In  solid  solution  with  the  simple  perovskite  PbTi03  (PT),  which 
exhibits  a  normal  ferroelectric  transition  @  490'C,  the  existence  of  a  morphotropic 
phase  boundary  (MPB)  has  been  reportcd.(2)  The  MPB  separating  the 
rhombohedral  (p^udo  cubic)  and  tetragonal  phases  was  reported  to  occur  at 
X  =  0.4  PT,  but  with  improved  processing,  (columbite  precursor  mcthod)(3) 
occured  at  approximately  x  =  0.33  PT  (see  Fig.  I).(^)  As  found  for  other  solid 
solution  systems,  both  normal  (PbZr03-PbTi03)15)  and  relaxor  type  PZN 
Pb(Zni/3Nb2/3)03-PT,*6)  compositions  near  the  MPB  exhibit  anomalously  high 
dielectric  and  piezoelectric  properties  making  them  candidates  for  a  wide  range  of 
applications.  To  date,  however,  only  polycrystalline  PMN-PT  materials  have  been 
examined. 

It  was  the  purpose  of  this  work,  to  grow  single  crystals  of  PMN-PT  near 
the  MPB  and  to  determine  their  dielectric  and  ferroelectric  related  properties. 

Tbis  paper  wu  orifinaily  presented  «  the  Seventh  International  Meeting  of  Ferroelectricity.  Saarbriicken.  F  R  Germany. 
August  21  to  September  I.  I9t9. 


tCommunicated  by  Dr.  Geotge  W.  Taylor 
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EXPERIMENTAL  PROCEDURE 

Single  crystals  in  the  (1-x)  PMN-(x)  PT  solid  solution  system  were  grown 
from  a  PbO-BaOs  flux  (mole  ratio  2.65:0.35)  similar  to  that  previously  reported.C7) 
The  starting  materials  were  completely  reacted  perovskite  powder  (reagent  grade) 
with  composidons  x  »  0.30.  0.35.  and  0.40.  all  prepared  using  the  columbite 
precursor  method  described  by  Swartz  and  Shrout.f3)  The  compound  to  flux  rado 
1:3  was  used.  The  reagents  were  mixed  and  charged  in  a  pladnum  crucible 
(-  1(K)  ml)  and  heated  to  -  I150*C.  Upon  soaking  for  10  hrs.  the  charge  was 
slowly  cooled  at  a  rate  of  3*C7hr  to  -  950‘C  and  then  to  800*C  at  5*Cyhr  and  finally 
to  room  temperature  at  500*(;/hr.  The  flux  was  removed  by  dissolving  in  a  dilute 
nitric  acid  soiudon. 

The  crystals  grown  ranged  from  a  few  mm  up  to  ~  1  cm  on  a  side,  being 
light  yellow,  but  dark  brown  with  increasing  size.  The  darkness  of  the  crystals  is 
believed  to  be  the  result  of  point  defects  as  found  for  flux  grown  PbTiOs 
crystals.^*)  thus  the  smaller  crystals  were  mainly  employed  in  this  work.  The 
crystals  were  generally  in  the  form  of  simple  cubes  with  (100)  faces.  X-ray 
powder  diffraction  of  crushed  crystals  was  used  to  confirm  phase  purity  and  to 
determine  the  structure  and  unit  cell  parameters. 

In  preparation  for  the  dielectric  measurements,  samples  in  platelet  form  with 
the  major  face  normal  to  the  pseudo  cubic  { 1 1 1 )  or  ( 100)  directions  were  prepared 
and  electroded  with  sputtered  on  gold.  Dielectric  measurements  (K  and  loss)  were 
carried  out  as  a  function  of  temperature  and  frequency  (0.1,  1,  10,  and  100  kHz) 
for  both  unpoled  and  poled  states.  For  ferroelectrics  with  diffuse  phase  transitions, 
the  law,  1^  -  (T  -  Tc)^,  is  found  instead  of  the  normal  Curie-Weis  law,  from 
which  the  level  of  diffuseness  (8)  was  obtained.  Poling  was  achieved  by  field 
cooling  (=  10  Kv/cm)  through  Tc  to  room  temperature.  The  piezoelectric  constant 
d33  was  measured  on  a  Berlincourt  d33-meter. 

RESULTS  AND  DISCUSSION 

Physical  and  dielectric  characteristics  of  the  various  crystals  are  reported  in 
Table  1.  As  presented,  x-ray  powder  diffraction  revealed  them  to  be  single  phase 
possessing  rhombohedral  symtiKiry.  Though  it  was  anticipated  that  the 
0.6  PMN-0.4  PT  crystals  be  tetragonal,  the  observed  rhombohedral  (pseudo-cubic) 
symmetry  was  probably  the  result  of  compositional  gradients. 

The  temperature  dependence  (on  cooling)  of  the  dielectric  constant  K  for  the 
various  crystals,  in  general,  increased  with  increasing  PT  content,  as  well  as  the 
sharpness  (less  diffuse)  of  the  transition  (see  Fig.  2).  The  level  of  diffuseness  for  a 
relaxor  ferroelectric,  5,  as  presented  in  Table  1,  also  reflected  the  degree  of  order  of 
the  materials.  However,  as  reported  in  Table  1  and  shown  in  Fig.  1,  a  range  of  TqS. 
(Kfnax  @  1  kHz)  were  observed  for  all  starting  compositions  with  the  largest 
deviation  found  for  0.6  PMN-0.4  PT  again  indicating  compositional  variations.  A 
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TABLE  I.  Physical  and  Dielectric  Properties  of  PMN-PT  MPB  Crystals. 


Growth 

Composition 

Lattice  Parameten 

A 

TeCQ 

5(’C) 

■•■Piezo  d33 
(pC/N) 

0.7  PMN-0.3  PT 

a  =  4.0196 
a  =  89*49’ 

120-155 

31-24 

1000-1500 
(~  300) 

0.65  PMN-0.35  PT 

a  =  4.0165 
a  =  89*48’ 

150-170 

23-22 

900-1100 
(~  550) 

0.6  PMN-0.4  PT 

a  =  4.017 
a  =  89*44’ 

160-203 

20-18 

1000-1500 

(-350) 

■^Piezo  d33  for  pseudo-cubic  [100]  and  value  in  parenthesis  for  [111]. 


range  of  K^ax  was  also  observed  (20,000-60,000)  with  no  clear  correlation  of 
optimum  dielectric  properties  corresponding  to  a  MPB  being  determined.  The 
dielectric  loss  behavior  was  found  to  be  typical  for  PMN-PT  and  thus  was  not 
shown.  Variations  in  T^  for  relaxor  type  MPB  materials  was  not  surprising.  Not 
only  do  you  have  the  coexistence  of  two  ferroelectric  states  (rhombohedral  and 
tetragonal),  being  relaxors  (rhombo  side)  you  also  have  the  presence  of 
micro-regions  possessing  a  statistical  distribution  of  T^s.  In  addition,  the 
coexistence  of  a  tetragonal  phase  may  influence  the  relaxor  type  behavior. 

As  presented  in  Fig.  1,  the  MPB  for  PMN-PT  is  curved  indicating 
successive  phase  transitions  from  rhombohedral  IiLi  tetragonal  Itc  cubic  upon 
heating.  This  behavior  is  marked  by  anomalies  in  K  vs.  T  curves  as  shown  in  Fig. 
3a,  whereby  the  highly  diffuse  Tr.t  transition  is  evident  by  a  change  in  slope. 
Such  anomalies  were  observed  in  both  [100]  and  [111]  plates,  being  pronounced 
for  those  which  possessed  TeS  near  the  repotted  MPB  boundary.  Upon  poling,  the 
multiple  transitions  were  enhanced  with  the  Tr.t  transitions  shifting  down  for 
[100]  and  up  for  [1 1 1],  but  other  influences  existed.  What  were  believed  to  be 
Tr.t  transitions  (see  Fig.  3b)  are  actually  macro  — >  micro  domain  transitions  near 
Tr-c  similar  to  that  observed  in  PLZT.U*)  Poling  also  influenced  the  level  of  K^ax 
being  increased  for  the  more  rhombohedral  compositions  (0.7  PMN-0.3  PT)  and 
decreasing  for  the  higher  Tc  and  hence  more  tetragonal  materials.  This  behavior  is 
exemplified  in  Fig.  4,  where  upon  poling,  the  R-T  region  and  associated 
permittivity  increased  while  the  T-C  region  showed  normal  ferroelectric  behavior, 
that  is,  less  diffuse  with  little  frequency  dispersion  due  to  macro-domain  pinning. 
The  piezoelectric  properties  of  the  various  crystals  arc  reported  in  Table  I,  again 
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showing  variations.  The  piezoelectric  d33  [100]  values  found  to  be  veiy  high 
>  1000  pC/N,  whereas,  the  d33  values  in  [111]  plates  were  much  lower, 
approximately  one  third  to  one  half.  The  fact  that  the  piezoelectric  constants  are 
larger  n  the  non-polar  axis  was  also  found  in  the  PZT-PT  system.^ 


Mole  (x)  PT 

FIGURE  1.  The  PMN-PT  Phase  System  Showing  the  Reported^**)  MPB.  Data 

Shown  is  for  Single  Crystals  Grown  in  this  Work. 

SUMMARY 

(1)  Single  crystals  in  the  lead  magnesium  niobate-lead  titanate  (1-x) 
Pb(Mgi/3Nb2/3)03-(x)  PbTi03  solid  solution  (x  =  0.3,  0.35,  and  0.4)  were 
grown  using  a  Pb0-B203  flux  growth  technique. 

(2)  Variations  in  composition  associated  with  growth  parameters  or  the  complex 
nature  of  relaxor  ferroelectrics  near  a  MPB,  were  reflected  in  the  range  of 
Tcs,  for  a  given  starting  composition. 


DICLCCTRIC  constant  (K) 
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TEMPERATURE  (“O  TEMPERATURE  (°C) 


FIGURES  2a, b.  The  Dielectric  Constant  K  Versus  Temperature  on  Cooling  for  (a) 
0.7  PMN-0.3  PT  [1 11]  (Left)  and  (b)  0.6  PMN-0.4  PT  [100]  (Right). 


FIGURES  3a, b.  The  Dielectric  Constant  K  Versus  Temperature  for  (a)  Unpolcd 
and  Poled  0.65  PMN-0.35  PT  [100]  (Left)  and  (b)  Unpolcd  and  Poled 
0.7  PMN-0.3  PT  [111]  (Right). 
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TEMPERATURE  (‘>C) 

FIGURE  4.  The  Dielectric  Constant  K  Versus  Temperature  for  Both  Poled  and 
Unpoled  0.7  PMN-0.3  PT  [100]  Crystal. 
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(3)  Though  x-ray  diffraction  revealed  rhombohedral  symmetry  for  all 
compositions,  the  dielectric  temperature  behavior  revealed  the  successive 
transitions  from  rhombohedral  — >  tetragonal  — >  cubic  as  indicated  by  the 
MPB  being  curved. 

(4)  Upon  poling,  a  macro-micro  domain  anomaly  was  observed  in 
compositions  exhibiting  a  Tr,c  transition.  Poling  also  influenced  the  Tr.t 
and  Tj.c  transitions,  by  enhancing  the  dielectric  anomaly  of  Tr  through 
macro  domain  pinning  of  the  tetragonal  component,  thereby  greatly 
reducing  relaxor  type  behavior. 

(5)  The  piezoelectric  coefficient  d33  [100]  was  found  to  be  =  1050-1500  pC/N, 
similar  to  that  observed  in  PZT-PT  MPB  compositions. 
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Abstract  Transparent  relaxor  fenoelecUic  ceramics  of  (l-x)Pb(Mgl/3Nb2/3)03-(x)PbTi03 
and  Pb(Scl/2Ta  1/2)03  have  been  prepared  by  low  temperature  uniaxial  Itot-pressing.  The 
ceramics  are  highly  dense  (  >  99.5  %  theor.)  and  transmit  throughout  the  visible.  Tlie 
addition  of  excess  PbO  and  La203  and  post-pressing  heat  treatment  are  found  to  enliance 
transparency.  The  ceramics  have  been  characterized  for  phase  purity,  development  of 
microsiructme,  dielectric  behavior  and  optical  transmission  in  order  to  determine  optimum 
conditions. 


INTRODUCTION 


Considerable  interest  is  cuirently  focused  on  the  optical  and  electro-opdcal  character  of  relaxor 
ferroelectric  materials.  Tlie  excellent  electro-optic  response,  switching  time,  and  half-wave 
voltages.  Vit,  distinguish  these  materials  as  promising  candidates  for  a  variety  of  electro-optic 
device  applications.'  Further,  optical  / electro-optical  property  measurements  on  transparent 
relaxcM'  compositions  provide  important  new  data  useful  for  a  more  thorough  understanding  of 
the  material's  diffuse  nature. Transparent  relaxor  ferroelectric  ceramics  have  been  prepared 
for  this  investigation  by  hot  uniaxial  pressing  (HUP).  The  ceramics  have  been  characterized 
for  phase  purity,  microstructure,  dielectric  behavior,  and  optical  transmission. 

SAMPLE  PREPARATION  AND  EXPERIMENTAL  PROCEDURE 

Polycrystalline  specimens  transparent  enough  for  optical  /  electro-optical  measurements 
possessing  desirable  characteristics  such  as  uniform  microstructure,  high  density,  and  phase 
purity  are  not  easily  produced  by  conventional  sintering  methods.  The  samples  examined  in 
this  investigation  were  prepared  by  means  of  hot  uniaxial  pressing.  The  powders  of 
Pb(Mgl/3Nb2/3)03,  |PMNJ,  (l-x)Pb(Mgt/3Nb2/3)03  -  (x)PbTi03,  [PMN-PTJ,  (x  =  0.7)  and 
Pb(Scl/2Tal/2)03,  |PST|  were  prepared  from  reagent  grade  and  optically  pure  starting  oxides 
by  the  columbite  /  wolframite  *  precursor  method  *  in  order  to  produce  pliase  -  pure 
compositions.  The  compositions  of  interest  were  prepared  stoichiometricaUy  and  with  excess 
PbO  and  /  or  La203  as  indicated  in  Table  I  so  as  to  allow  for  a  range  of  hot-press  conditions 
and  to  enhance  transparency. 

The  samples  were  prepared  for  hot-pressing  in  the  form  of  disks  38  mm  or  64  rtun  in 
diameter.  Tire  disks  were  pressed  at  a  pressure  of  =38  MPa  for  6  hours  at  a  temperature  in  the 
range  900  °C  to  1 2(X)  °C.  Flowing  02  was  used  during  the  heating  cycle.  The  s(>ecific 
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conditions  for  each  sample  investigated  are  given  in  Table  L  The  samples  were  embedded  in 
coarse  alumina  sand  to  prevent  reaction  with  the  silicon  nitride  rams. 

The  uniaxially  liot-pressed  samples  were  initially  characterized  for  phase-purity,  density, 
and  average  grain  size.  U  was  determined  by  x-ray  diffraction  that  all  specimens  were  phase 
pure.  The  order  parameters,  il,  of  the  PST  specimeas  were  also  evaluated  as  described  in  tlie 
next  section  by  means  of  x-ray  diffracticMi.  Sample  densities  as  determined  by  the  Archimedes 
technique  and  average  grain  size  as  evaluated  by  means  of  the  line  intercept  method  on 
scarming  electron  micrographs  of  fractured  surfaces  are  recorded  in  Table  L 

The  samples  were  sliced  into  Top,  Bottom,  and  Parallel  sections,  as  siiown  in  Figure  1, 
and  the  sections  annealed  in  air  at  900  for  8  hours  in  order  to  eliminate  excess  PbO.  The 
sample  surfaces  were  then  ground  with  Al.?03  grinding  media  and  coated  with  a  sputtered  gold 
electrode  for  dielectric  measurement. 


PRESSING  DIRECTION 


FIGURE  1  Test  plates  sliced  from  the  hot  uniaxially  pressed  ceramic. 

Samples  prepared  for  optical  transmission  measurement  were  taken  as  adjacent  slices 
(arbitrary  direction)  from  the  origina!  hot-pressed  disk.  One  of  the  slices  was  annealed  in  air  al 
9(K)  °C  for  8  hours  before  it  was  optically  polished,  while  the  other  slice  was  polished  with  no 
post-pressing  heat-treatment.  Optical  transmission  measurements  were  made  on  a  Cary  2300 
spectrophotometer. 

RESULTS  AND  DISCUSSION 

All  the  samples  under  investigation  are  of  high  density  with  most  higher  than  99.5  % 
theoreticitl  density  as  indicated  in  Table  L  Tlie  average  grain  size,  as  delennined  by  the  line 
intercept  method  on  scanning  electron  micrographs  of  fracture  surfaces,  appears  to  depend 
upon  the  processing  conditions  and  compositional  modifications  (Table  I);  it  is  observed  that 
both  excess  PbO  and  higher  hot-press  temperatures  encourage  grain  growth.  In  all  cases,  no 
variation  in  average  grain  size  is  observed  with  position  (i.e.~  top  or  bottom  sections)  within 
the  sample.  In  general,  the  miaostructures  are  found  to  be  uniform  with  well-formed, 
equiaxed  grains. 


CHARACTERIZATION  OF (l.x)Pb(Mgl/3Nb2/3)03  -  (x)rbTi03  AND  Pb(ScI/2Tal/2)03  |  I()9|/2I47 


TABLE  1  Processing  conditions  and  physical  properties  of  lest  samples. 


nam 


ESI 


PSTA 

10 

10SO 

09. a 

E 

PSTI 

2  wT% 

1200 

oe.s 

6 

P8TC 

2  wt% 

1200 

90.8 

6 

TABLE  II  Dielectric  properties  [10  KHzJ.  TABLE  in  Optical  transmission. 
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The  dielectric  response  of  the  various  samples,  which  have  undergone  post-pressing 
heat-treatment,  at  a  frequency  of  10  KHx  is  recorded  in  T able  11.  The  particular  slice  of  the 
sample  as  indicated  in  Figure  1  is  designated  by  the  labels  T,  B,  and  P  for  each  specimen.  Tlie 
quantity  (b  3/4)  is  a  measure  of  the  diffuseness  of  the  permittivity  as  a  function  of  temperature,^ 
representing  the  width  of  K(T)  at  3/4  the  value  of  K(max).  The  order  parameter,  H,  is 
relevant  to  the  PST  samples  on!)-  which  exhibit  order  /  disorder  variations  as  a  function  of 
temperature  and  thermal  history It  is  defined  by  the  ratio  of  tlie  x-ray  diffraction  intensities 
of  peaks  corresponding  to  tlie  nonnal  and  superstructure  lattices.  A  completely  ordered 
material  has  a  value  £1=1.^ 

Tlie  dielectric  response  K(T)  at  various  frequencies  within  the  range  100  to  100,00  llz 
was  measured  over  a  temperature  range  of  -60  to  200  “C  for  each  sampl^^  The  dielectric 
constant  as  a  function  of  tem(ierature  is  diffuse  and  strongly  frequency-dependent  for  both 
PMN  and  PMN-PT  specimens,  characteristic  of  the  relaxor  ferroelectrics.  Tlie  K(T)  for  PST  is 
sliarp  and  only  slightly  diffuse  at  the  transition,  indicative  of  the  high  degree  of  structural 
order. 

The  general  effect  of  varying  hot-press  temperatures  and  of  the  various  chemical 
modifications  on  the  dielectric  response  is  outlined  in  Table  II.  Based  on  the  data  presented, 
some  basic  tendencies  can  be  deduced.  It  is  seen  that  the  largest  K(max)  values  at  10  KHz  are 
observed  for  samples  prepared  at  higher  pressing  temperatures  with  the  highest  K(max),  in  the 
PMN-PT  series,  occurring  for  samples  that  were  batched  with  excess  PbO  and  1  mol%  La203. 
There  is  some  correlation  between  the  average  grain  size  and  the  higher  dielectric  constants 
with  specimens  of  larger  average  grain  sizes  exhibiting  the  higher  magnitudes  of  K  consistent 
with  the  previously  rejiorted  grain-size  dependence  of  the  dielectric  response  of  PMN.* 
Addition  of  1  mol%  L.a203  is  seen  to  effectively  reduce  the  temperature  of  the  maximum 
dielectric  constaiit  by  more  than  20  *’C  again  in  agreement  with  prior  investigation  on  PMN 
transparent  ceramics.^  The  variation  of  the  diffusencss  of  the  K(T)  as  indicated  by  (b  3/4)  in 
Table  11  for  tlie  various  pressing  temperatures  and  chemical  modifications  is  also  largely  a 
function  of  grain  size.  ’Thi  diffuseness  (b  3/4)  of  the  PST  samples  is  not  at  all  affected  by  the 
pressing  temperature  variations  implemented  in  this  investigation.  This  is  further  reflected  in 
the  constant  value  of  die  order  parameter,  Si  =  0.9,  for  ah  the  PST  specimens.  It  should  be 
noted  dial  the  liigh  degree  of  ordering  obtained  for  these  samples  is  generally  not  easily 
achievable  by  die  convendonal  means  of  preparing  ordered  PST  ceramics  which  generally 
equires  an  additional  long,  high  temperature  annealing  under  controlled  atmosphere  to  induce 
structural  oideruig.  Since  the  HUP  temperatures  employed  to  produce  these  dense  PST 
ceramics  arc  well  below  the  order/disorder  transition  temperature  (=1475  ®Q  highly 
ordered  ceramics  may  be  produced.  Further,  the  degree  of  order  is  not  affected  by  the  low 
temperature  post-pressing  aniKol  conducted  here  since  the  aruiealing  temperature  in  diis  case  is 
well  below  die  temperature  at  which  a  disc^ered  PST  ceramic  becomes  ordered  (*1050  ®C). 


CHARACTERI2ATION  OF  (l-x)Pb(Mgl/3Nb2/3)03  -  (x)PbTi03  AND  Pb(Scl/2Tal/2)03  |l7|p|4V 


TJ«ere  is  observed  for  all  samples  some  anisotropy  of  the  dielectric  response  with  respect  to 
the  pressing  direction  as  well  as  gradient  of  the  response  between  top  and  bottom  portions  of 
the  ceramic.  The  PMN  sample  exhibits  the  least  variation  with  direction  and  location  witliin  the 
ceramic  of  all  the  speiemens  examined.  The  anisotrq^y  observed  in  the  PST  samples  appears 
to  become  slightly  less  for  higher  pressing  temperatures.  The  large  anisotropy  of  PSTA  may 
also  be  related  in  part  to  the  rather  high  PbO  content  of  this  specimen.  The  anisotropy  with 
respect  to  pressing  direction  for  all  the  PMN-PT  samples  except  PMNTD  is  considerable. 
Tliere  is  no  clear  correlation  between  the  "polarity"  of  tlic  anisotropy  (i.e.  -  tlie  direction  of  the 
higher  magnitude)  and  the  compositional  and  pressing  temperature  variations.  Furtlier,  all 
PMN-PT  specimens  exhibit  a  significant  difference  in  K  between  the  top  and  bottom  sections, 
again  with  no  definite  correlation  u  ith  the  compositional  and  pressing  temperature  variations. 

Since  in  most  cases,  no  clear  correlation  can  be  made  between  the  dielectric  anisotropy  and 
the  modifications  made,  it  seems  likely  that  the  source  of  the  variations  of  K(Max)  throughout 
tlie  .sample  arises  in  the  initial,  pre-pressing  stages  of  sample  preparation  (e.g.—  mixing, 
forming,  etc.)  and  that  the  resulting  anisotropy  and  gradients  between  top  and  bottom  are 
enlianced  by  the  final  HUP  process.  It  is  suggested  that  tlie  macroscale  inhomogeneities 
introduced  in  the  early  stages  of  sample  preparation  lead  to  a  non-uniform  distribution  of  PbO 
thereby  making  conditions  favorable  fw  the  formation  of  Pb-rich  phases,  in  particular  at  the 
grain  boundaries,  during  the  uniaxial  hot-pressing  procedure.  The  formation  of  such 
intergranular  phases  in  relaxor  feaoelectric  ceramics  produced  by  various  methods  has  been 
extensively  reported.*  *’*^’*^  Although  no  second  phases  were  detected  by  means  of  XRD  or 
by  routine  SEM  investigation  of  the  microstructure  in  tliis  investigation,  a  very  thin 
intergranular  phase  may  be  present  in  tliese  materials  which,  as  previous  research  has 
demonstrated,*  ^  can  significantly  affect  the  dielectric  response  of  the  material.  The  largely 
intergranular  fracture  of  the  ceramics  as  observed  in  SEM  micrographs  suggests  the  existence 
of  such  a  grain  boundary  layer.  Further,  a  considerable  amount  of  aging  was  observed  for 
PMN-PT  samples  prepared  both  stoichiometrically  and  with  excess  PbO  and  La203.  Although 
it  is  beyond  the  scope  of  the  present  work  and  will  not  be  presented  here,  this  aging  is  worthy 
of  note  since  the  aging  phenomenon  in  PMN  has  been  found  to  be  very  closely  related  to 
variations  in  stoicliiomctry  due  to  an  excess  or  deficiency  of  PbO  in  the  material.  *“*  The  results 
obtained  in  this  study  suggest  lliat  such  a  variation  in  sloicliiomeUy  may  occur  non-unifonnly 
throughout  the  specimen  as  a  result  of  the  processing  pwocedure.  A  more  thorough 
investigation  of  possible  grain  boundary  phases  and  local  variations  in  stoichiometry  is 
required. 

lire  percent  transmission  at  various  wavelengths  across  the  visible  spectrum  are  recorded 
in  Table  HI  for  samples  before  and  after  post-pressing  annealing  and  for  selected  specimens  at 
two  sample  thicknesses.  Reflection  losses,  as  calculated  by  means  of  the  Fresnel  formula,  are 
about  30%  assuming  an  average  refractive  index  of  2.5  at  room  temperature  for  tlie  samples 
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under  consideration.  In  general,  it  appears  that  higher  teinperamres  and,  in  tlie  case  of  the 
PMN-PT  series,  additions  of  both  excess  PbO  and  1  mol%  La203  significantly  enliance  llie 
transparency  of  the  ceramics,  conditions  which  were  shoAMi  to  also  encourage  grain  growth 
and  liigh  dielectric  response.  Post-pressing  annealing  is  also  seen  to  further  enhance 
transmission  across  the  entire  visible  spectrum  due  likely  to  tlie  liberation  of  excess  PbO. 

SimiMARY 

Hot  uniaxial  pressing  of  chemically  modified  relaxor  ferroelectric  compositions  is  an  effective 
meaii.s  of  producing  dense,  transparent  ceramics  with  a  high  dielectric  response.  Transparent 
PST  ceramics  may  be  produced  with  an  extremely  high  degree  of  ordering  due  to  the  low 
hot-pressing  temperatures  employed.  Some  variations  in  dielectric  respoase  and  the 
appearance  of  dielectric  aging  suggest  tlie  fonnation  of  intergranular  Pb-rich  phases  and/or 
local  variations  in  stoicliiometry  induced  by  the  HUP  process.  Furtlier  investigation  into  the 
nature  of  these  irregularities  and  the  mechanism  of  their  formation  is  required  to  optimize 
samples  prepared  by  this  procedure. 


ACKNQ  W1 DGEMENTS 

The  authors  are  grateful  to  Mick  Latimer  and  Dave  Roberts  of  Plessey  Research,  U.K.  for 
their  help  in  the  preparation  of  tlie  samples.  The  authors  also  wish  to  ackowledge  the  research 
funding  provided  by  the  Office  of  Naval  Research. 


REFERENCES 

1.  D.A.  McHeiuy,  J.  Giniewicz,  S.-J.  Jang,  A.  Bhalla  and  T.R.  Shrout,  Ferroelectrics.  93. 
351  (1989). 

2.  G.  Bums  and  F.  Dacol,  Phase  Transitions.  5. 261  (1983). 

3.  L.E.  Cross,  Ferroelectrics.  7$.  241  (1987). 

4.  JCPDS  #24-1017  ScTa04. 

5.  S.L.  Swartz  and  T.R.  Shrout.  Materials  Research  Bulletin.  18. 663  (1983). 

6.  C.G.F.  Stenger.  F.L.  Schollen,  and  A.J.  Burggraaf,  Solid  State  Coirununications.  32, 
989  (1979). 

7.  N.  Seller.  Ph.D.  Thesis,  Pennsylvania  Slate  University.  (1980). 

8.  T.R.  Sliruul,  U.  Kumar,  M.  Megherhi,  N.  Yang  and  S.-J.  Jang,  Ferroelectrics.  76. 479 
(1987). 

9.  N.  Kim.  W.  Huebner,  S.-J.  Jang  and  T.R.  Sluout,  Fen  oelectrics.  93.  341  (1989). 

10.  C.G.F.  Stenger  and  A  J.  Burggraaf,  phvsica  status  sotidi  fa).  61.  275  (1980). 

11.  E.  Goo.  T.  Yamamoto.  K.  Okazaki.  Journal  of  the  American  Ceramic  Society.  69  181. 
C-188  (1986). 

12.  J.  Guha,  D.J.  Hong  and  H.U.  Anderson,  Journal  of  the  American  Ceramic  Society.  71 
PJ,C-I52  (1988). 

13.  K.Z.  Baba-IGshi  and  D.J.  Barber,  Ferroelectrics.  93.  321  (1989). 

14.  T.R.  Siuout,  W.  Huebner,  C.A.  Randall  and  A.D.  Hilton,  Ferroelectrics.  21,  361 
(1989). 


APPENDIX  34 


Frrroelrarics.  1990.  Vol  102.  pp.  161-171 
Reprints  nvnilahic  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


O  1990  Gordon  and  Breach  Science  Publishers  S.A. 

Printed  in  the  United  States  of  America 


ELECTRICAL  AND  OTOCAL  PROPERTIES  OF 
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(lieceii'ed  May  I,  1989) 

The  dielectric  and  optic/clectro-optic  properties  of  hot-pressed  ceramics  of  composition  (I-Ji)(Pb,..- 
1  a,  )(Mg|,,Nh,  ,)0,  -  rPl'TiO,  (v  =  (I.OI)  have  l*cen  investigated  The  materials  exhibit  high  peak 
iliclcctric  coiistaiils  (>2(K)0(I|  with  typical  tclaxot  fciioclcctiic  hr  haviot.  Ihe  ceramics  ate  adequately 
iranspateiil  for  optical  and  electio-tiptical  evaluation  with  transmission  better  than  50%  at  600  nm. 
High  refractive  indices  are  observed  (>2.5  at  6.12.8  nm)  and  the  dispersion  of  the  refractive  index  is 
w  ell  described  by  a  single-term  Scllincicr  equation.  Tlic  temperature  dependence  of  the  refractive  index 
exhibits  a  linear  region  above  390“C  and  a  polarization  induced  decrease  of  Ihe  index  via  the  clcclro- 
oplic  effect  below  this  temperature.  The  transverse  quadratic  electro-optic  coefficients,  (R,  .-Ro)  and 
•Po-gi:).  evaluated  both  as  a  function  of  temperature  and  frequency.  Electro-optic  switching 
experiments  indicate  rapid  response  of  less  than  1  pscc,  suitable  for  transverse  shutter  mode  operation. 


1.  INTRODUCTION 

Relaxor  ferroeleclrics  such  as  Pb(Mg,/-,Nb2/3)Ox  and  its  solid  solution  with  PbTiO, 
are  of  particular  interest  for  applications  as  multilayer  capacitors,'  electroslrictive 
actuators,^-’  and  piezoelectric  transducers.^  These  applications  are  based  on  the 
exceptional  dielectric  and  electroslrictive  properties  as  well  as  the  low  thermal 
expansion  exhibited  by  these  materials.*-’  Recently,  relaxor  ferroelectrics  have  been 
investigated  for  a  variety  of  electro-optic  properties;  good  electro-optic  switching 
limes  and  modest  half-wave  voltages,  V^,  could  make  these  materials  viable  al¬ 
ternatives  to  the  (Pb,La)(Zr,Ti)03(PLZT)  compositions  conventionally  used  in 
electro-optic  devices."  In  addition  to  evaluating  their  device  potential,  optical  prop¬ 
erty  measurements  on  relaxors  can  substantiate  previous  studies  in  determining 
the  onset  and  magnitude  of  Ihe  polarization  for  diffuse  phase  transitions  of  relaxor 
ferroelectrics,”''’ 

Typical  perovskite  relaxor  ferroelectrics  of  Ihe  form  ABO,  generally  occur  with 
Ihe  A  and/or  B  sites  shared  by  two  or  more  cations  whose  valence  and  ionic  radii 
are  suitable  for  maintaining  a  stable  atomic  configuration.  Both  sites  may  be  oc¬ 
cupied  by  muie  than  one  kind  of  cation  as  in  Ihe  (Pb,La)(Zr,Ti)03(PLZT)  series 
of  compounds  where  oxygen  vacancies  further  compensate  for  the  charge  imbal¬ 
ances  arising  from  Ihe  substitution  of  La’*  for  Pb’*  on  Ihe  A-sile."  Compounds 
and  complex  compositions  which  involve  the  occupation  of  the  B-sile  only  by  two 
or  more  cations  are  exemplified  by  Pb(Mg,„Nb2,3)0,  (PMN)  and  Pb(Zn,„Nb2/3)03 
(PZN)  and  their  solid  solutions  with  PbTiOj. 

Pb(Sc,^Ta,^)03  and  Pb(Sc„2Nb„2)03  arc  compounds  for  which  Ihe  ionic  valence 
and  size  as  well  as  Ihe  relative  distribution  of  their  B'  and  B"  cations  on  the  B-site 
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allow  for  1:1  ordering  when  Ihe  material  is  in  a  ferroelectric  slate,  a  condition 
detectable  by  means  of  x-ray  diffraction,  electron  diffraction,  and  Raman  scat¬ 
tering.'^  A  model  has  been  proposed  for  PMN  in  which  regions  of  ordered  (Mg- 
rich)  and  disordered  (Nb-rich)  regions  coexist  between  which  space  charges  are 
generated  which  effectively  charge  compensate  thereby  limiting  the  degree  of  order 
possible  in  the  system.'-’  This  stale  of  disorder  is  believed  to  lead  to  the  “glassy” 
polarization  behavior  observable  in  the  temperature  dependences  of  both  the  clcc- 
trosirictive  strain  and  the  refractive  index  exhibited  by  materials  from  these  systems. 
Based  on  the  values  of  these  quantities  as  a  function  of  temperature,  a  “glassy” 
polarization,  P^,  which  bears  a  quadratic  relationship  to  Ihe  induced  strain  and  the 
induced  birefringence  through  the  electrostriction  and  the  quadratic  electro-optic 
effect  (Kerr  tffcci)  is  found  to  persist  for  a  broad  range  of  temperatures  above 
in  contrast  to  the  more  abrupt  disappearance  of  the  reversible  polarization, 
generally  ob.scrvcd  in  normal  ferroeleclrics.""' 

1  he  weak  field  dielectric  permittivity  and  tani?  as  a  function  of  temperature  exhibit 
broad  frequency  dependent  (i.c. -dispersive)  maxima  as  shown  in  Figure  I  char- 
•acteristic  of  a  diffuse  ferrocleciiic  pha.se  transition  for  materials  with  no  long-range 
structural  order  such  as  the  l’b(B!,.,B2/,)03  compounds  and  solid  solutions.  This 
behavior  has  been  described  by  the  theory  of  “compositional  fluctuations”  in  which 
local  variations  in  composition  lead  to  Ihe  formation  of  ferroelectric  (polar)  and 
paraelectric  (non-polar)  inicroregions  on  the  order  of  100-200  A.'^  Each  polar 
region  will  possess  its  own  Curie  temperature  dependent  on  its  local  composition 
so  that  the  material  as  a  whole  will  proceed  through  Ihe  transition  over  a  range  of 
temperatures  known  as  the  Curie  range.  Polar  regions  with  volumes  on  the  order 
of  10^  A  are  unstable  against  thermal  agitation  and,  hence,  the  distribution  and 
relative  density  of  the  microregions  are  strongly  temperature  dependent."*  Tlie 
dielectric  response  measured  as  a  function  of  temperature  and  degree  of  long-range 
order  for  systems  such  as  Pb(Sc,/2Ta,/2)0„  whose  degree  of  structural  (dis)ordcr 
may  be  varied  by  controlled  heat  treatment,  demonstrates  a  direct  correlation 
between  the  degree  of  ordering  of  B-site  cations  and  Ihe  diffuseness  of  the  dielectric 
response,  where  a  decrease  in  structural  order  leads  to  increased  "smearing”  of 
Ihe  permittivity  maximum.'’  **  The  observed  relationship  between  structural  order 
and  Ihe  diffuseness  of  Ihe  phase  transition  has  been  cited  as  evidence  in  sup- 
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nCURE  1  K(T)  and  Tai»a(T)  for  (0.9J)(Ph„„La„„,)(Mg,„Nb„)Oj  -  (0.07)PbTiOj 
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port  of  the  “composition  fluctuation”  model."'  Recent  studies  on  (l-.r)I’b(Mg,/v 
Nb2.-,)0,  -  (.v)l’bTiO,,  (jr  =  0.07  and  O.I)  and  La-substituted  compositions  pre¬ 
pared  by  hot-uniaxial  pressing  as  transparent  ceramics  have  generated  new  data 
which  suggests  promising  application  potential  and  supports  models  previously 
proposed  concerning  the  “glassy”  polarization  behavior’  of  this  family  of  materials. 
The  compositions  investigated  demonstrate  the  classic  diffuse  phase  transition  be¬ 
havior  (Figure  1)  of  PMN  with  a  distinct  enhancement  of  the  electromechanical 
and  capacitive  properties.  The  optical  and  electro-optical  character  of  these  ma¬ 
terials  are  also  of  interest  in  the  development  of  reiaxor-based  optical  devices  and 
for  further  advances  in  the  understanding  of  the  fundamental  mechanisms  con¬ 
tributing  to  the  diffuse  phase  transition.  The  results  of  this  investigation  are  pre¬ 
sented  with  particular  regard  to  fundamental  concepts  and  application  considera¬ 
tions. 


2.  SAMPLE  PREPARA1  ION 

In  order  to  produce  polycrystalline  specimens  transparent  enough  for  optical/elec- 
tio-optical  property  measurements,  desirable  characteristics  including  uniform  grain- 
growth,  high  density,  and  the  elimination  or  reduction  of  second  phases  are  re¬ 
quirements  not  easily  achievable  by  conventional  sintering  methods.  The  specimens 
used  in  this  investigation  were  prepared  by  means  of  hot-uniaxial  pressing  with 
additions  of  excess  PbO  and  LajOj  to  aid  in  densification  and  to  promote  trans¬ 
parency.  Powders  of  (l-jr)PMN-(jt)PT,  (jt  »  0.07  and  0.1)  were  prepared  by  the 
columbite  precursor  method'  in  order  to  produce  phase-pure  compositions.  Both 
excess  PbO  (~2-5  mol%)  and/or  LajO,  (0.5  inol%)  compositional  modifications 
were  made  to  allow  for  a  range  of  hot-pressing  conditions  and  to  enhance  trans¬ 
parency.  In  general,  ceramics  with  densities  greater  than  99.7%  and  optical  trans¬ 
parency  were  achieved.’ 


3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Transparent  ferroelectric  ceramics  as  exemplified  by  PLZT  have  demonstrated 
considerable  usefulness  as  electro-optic  materials.  Practical  applications  for  these 
ceramics  include  use  in  such  devices  as  optical  shutters,  modulators,  displays,  and 
gate  arrays  for  optical  data  processing.'^  Recent  measurements  of  (l-.r)(Pb,_,,- 
La,  )(Mg|.,Nb2yd03  -  jrPbTi03(PLMN-PT)  relaxor  ferroelectric  ceramics  indicate 
that  this  and  siniilar  compositions  can  be  made  with  reasonable  transparency  and 
large  electro-optic  coefficients  comparable  to  those  of  the  PLZT  compositions 
currently  in  use.® 

1  he  range  of  transparency  for  the  ceramics  under  investigation  extends  through 
the  visible  and  into  the  near  IR  with  transmission  in  excess  of  50%  at  wavelengths 
longer  than  550  nm  for  samples  1.0  mm  thick.  The  fundamental  UV  optical  ab¬ 
sorption  wavelength  of  about  375  nm  is  in  agreement  with  the  wavelength  reported 
for  other  corner-shared  oxygen-oclahedra  materials.'*  Improvements  in  optical 
transmission  characteristics  for  PLMN-PT  ceramics  could  be  anticipated  with  the 
use  of  ultra-high  purity  powders  and  improved  processing  conditions. 
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The  dispersion  of  the  refractive  index  was  measured  by  means  of  the  method  of 
minimum  deviation.®  ’  Tlie  dispersion  data  were  fitted  to  a  single-term  Sellmeier 
oscillator  equation  of  the  form, 

-  1  =  So  Ky(l  -  =  E,  EJ{El  -  E?)  (1) 

where  E  and  Eq  are  the  energy  of  the  incident  light  and  the  average  oscillator 
energy,  respectively,  \  and  \o  are  the  wavelength  of  the  incident  light  and  the 
average  oscillator  position  rcsj>ectively,  and  E^  is  the  dispersion  energy.'*  The 
Sellmeier  parameters  are  derived  from  a  straight-line  least  squares  fit  of  (//^  - 
!)■'  vs.  (1/X^).  Tire  room  temperature  Sellmeier  parameters  for  various  (1-x)- 
(Pb,  .,.La,)(Mg,„Nb2/.»)Oj  -  xPbTiO,  compositions  and  the  end-members  PMN 
and  PbTiOj  of  the  system  appear  in  Table  1.  Tire  temperature  dcjrcndence  of  the 
Sellmeier  parameters  £«  attd  are  shown,  respectively,  in  Figures  2a  and  2b  as 
determined  from  measuring  the  refractive  index  to  high  temperature  for  .93  PLMN 
-  .1)7  Pr.  'I  he  slope,  dE,/dT,  is  related  to  the  shift  of  the  absorption  spectra  as  a 
function  of  temperature.  This  change  is  apparently  linear  in  the  temperature  range 
measured  with  a  value  of  approximately  -6.48  x  10~*  eV/®C. 

Refractive  index  measured  as  a  function  of  temperature  can  also  be  a  sensitive 
indicator  of  polarization  fluctuations  in  the  precursor  region  in  the  vicinity  of 
the  paraelectric-ferroeleclric  transition.  The  temperature  dependence  of  (0.93)- 
(Pbo  9,Lao  (H)(Mgi/3Nb2/j)03  -  (0.07)PbTiOjat  four  different  wavelengths  is  shown 
in  Figure  3.  An  essentially  linear  region  is  observed  at  high  temperatures.  A  de¬ 
parture  from  linearity  occurs  at  a  temperature  of  about  390“C  al  all  four  wave¬ 
lengths.  'Fhe  behavior  of  the  refractive  index  below  this  temperature  (referred  to 
as  r^)’”  is  believed  to  be  significantly  affected  by  locally  ordered  yet  randomly 
oriented  polarization,  Pj,  which  may  occur  well  above  the  Curie  temperature  in 
relaxor  ferroclectrics.  Hence,  for  perovskite  ferroelectric  ceramics  the  refractive 
index  departure  from  linear  behavior  A/i  can  be  given  by  the  expression  for  the 
quadratic  electro-optic  effect  with  respect  to  the  polarization, 

An  =  (An,  -t  2A«,)/3  =  -(ni5)/2  [(gj,  -r  2g,,)/3JE5  (2) 

where  A//  is  expressed  as  an  average  of  the  An’s  both  parallel  and  perpendicular 
to  the  polar  (lll|  directions,  and  n„  is  the  refractive  index  of  the  undistorted 
indicatrix,  Pj  is  the  local  polarization,  and  the  g  coefficients  are  the  appropriate 


TABLE  I 

Refractive  Index  Parameters  for  the  PMN-PT  System 


PMN’ 

(0.93)(Pb„^La„„,) 

(0.07)PbTiO, 

0  90  PMN- 
0  .10  PT 

PbltO,* 

n  (ff  6.'2.8  nm 

2.5219 

2.5.399 

2.5455 

2.688 

K  (fini) 

0.216 

0.218 

0.220 

0.222 

m-») 

t.0l3 

l,0t2 

1.00 

1.09 

Eo  (eV) 

5.73 

5.69 

5.64 

5.59 

E^(eV) 

27.2 

27.40 

27.31 

30.3 

/(eVp 

156 

155.9 

154 

168 

E,IS„  eVm’) 

5.66 

5.62 

5.64 

5  13 
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FIGURE  2  (a)  E„  vs.  temperature  and  (b)  vs.  temperature  for  (0.93)(Pbo  wLaooi)(Mg„jNbi,3)- 
O,  -  (0.07)PbTiO, 

coefficients  for  this  symmetry.”  Tlie  magnitude  of  the  average  random  local  po¬ 
larization,  P^.  is  evaluated  by  means  of  equation  (2)  using  the  measured  values  of 
n„.  An,  and  the  clecto-optic  g  coefficients.*  Values  of  Pj  calculated  in  this  way  for 
(0.93)(Pb„9,Lai,  ,„)(Mg|,jNb2/3)0-i  -  (0.07)PbTiO,  appear  in  Figure  4. 

The  PLMN-PT  ceramics  investigated  at  room  temperature  exhibit  "slim  loop” 
ferroelectric  hysteresis  (Figure  5)  P  vs.  E.  Tlie  material  has  pseudocubic  symmetry 
ill  its  uiidistorted  state;  with  the  application  of  an  electric  field  a  uniaxial  birefringent 
(presumably  rhombohedral)  ferroelectric  phase  may  be  induced. 

The  clectro-optic  effect  for  active  optical  ceramics  operated  in  a  transverse  shutter 
mode  can  be  described  in  terms  of  the  expression  for  the  quadratic  clectro-optic 
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FIGURE  3  Refractive  Indcji  vs.  temperature  for  <0.93)(Pbo  wLn„o,)(Mg„3Nbj^)0,  -  (0.07)PbI iO, 
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FIGURE  4  Polarization,  /*<,  as  a  (unctiort  of  temperature  calculated  from  refractive  index  measure¬ 
ments  using  equation  (2). 


effect  which  relates  to  the  applied  electric  field  as  follows: 

=  -(i)nS(R„-R,z)£?  (3) 

where  A/i  is  the  induced  birefringence,  n^is  the  refractive  index  of  the  undistorted 
indicatrix.  Rij-Ru  is  the  effective  averaged  undamped  (low  frequency)  quadratic 
electro-optic  coefficient,  and  E,  is  the  applied  field.  The  transverse  electro-optic 
response  represented  by  Rn-R,?  is  typically  the  largest  induced  in  a  perovskite 
ferroelectric  ceramic. 

Tlie  quadratic  electro-optic  coefficients  were  determined  by  means  of  the  AC 
Senarmont  compensator  setup  illustrated  in  Figure  6.  The  induced  birefringence 
al  room  temperature  is  plotted  against  the  square  of  the  electric  field  in  Figure  7. 
It  can  be  seen  that  the  electro-optic  response  is  well  described  by  the  quadratic 
electro-optic  effect  where  the  proportionality  constant  relating  An  and  yields 
R,.-R,r  =  2.1  X  lO'*'*  (mW^)  al  room  temperature.  The  temperature  depend- 
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FIGURE  5  Fciroelcctric  hysteresis  loop  for  (0.93)(Pbn )(Mg,„Nbjn)Oj  -  (0.07)PbTiOj  at 
1  =  2(rC 

A.C.  SENARMONT  COMPENSATOR 
ELECTROOPTIC  EXPERIMENT 


FIGURE  6  Schematic  of  the  Senarmont  Compensator  An(£)  measurement  system 

cncc  of  R,,-R,2  is  shown  in  Figure  8  (curve-1).  The  electric  field-related  quadratic 
electro-optic  coefficients  are  clearly  temperature  dependent.  This  is  generally  true 
for  ferroelectrics  operated  near  a  phase  transition  where  the  values  of  the  dielectric 
permittivity  also  change  considerably  with  temperature.  The  maximum  dielectric 
constant  for  small-field  and  low-frequency  (1  KHz)  conditions  occurs  at  T  ~  9°C 
for  (0.93)PLMN  —  (0.07)PT  and  decreases  markedly  at  higher  temperatures  above 
the  Curie  range,  a  trend  reflected  in  the  temperature  dependence  of  the  7?-coef- 
ficients. 
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E  SQUARED  [kV/cm]A2 

FIGURE  7  Induced  birefringence  An  vs.  £’  for  (0.93)(PbonL8«oi)(Mg,nNbvs)O,  -  (0.07)PbTiOj 
a(  T  =  2(rC 


FIGURE  8  I.)  (R„-R,j)  vs,  temperature  for  (0.93)(Pb,„La„„,)(Mg„jNbj,)Oj  -  (0.07)PbTiO,;  2.) 
(Rti-gij)  temperature  for  (0.93)(Pb,MLaaai)(Mg,;,Nbi^)O,  -  (0.07)PbTiO, 

Alternatively,  the  electro-optic  effect  may  be  expressed  in  terms  of  the  polari¬ 
zation  as, 

An  =  -(l/2)rt3(g„-g„)/>?  (4) 

This  formulation  is  generally  preferable  when  dealing  with  ferroelectric  materials 
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since  the  response  in  terms  of  the  polarization  relates  more  directly  to  the  fun¬ 
damental  polarization-related  phenomena  that  accompany  ferroelectric  transitions. 
Tlie  two  types  of  quadratic  electro-optic  coefficients  are  related  through  the  di¬ 
electric  permittivity  as, 

(8|I~Bi2)  “  (5) 

where  e  is  the  dielectric  permittivity  and  eo  is  the  permittivity  of  free  space. 

The  temperature  dependence  of  gn-gi?  is  shown  in  Figure  8  (curve-2).  The 
polarization  electro-optic  coefficients,  gij,  are  usually  much  less  temperature  de¬ 
pendent  than  the  electric  field-related  coefficients,  /{,j.  For  the  polarization  optic 
coefficients  there  is  a  gradual  increase  with  temperature  with  a  leveling  off  to  gn- 
g,2  =  0.014  (C’/m'')  at  about  200'’C.  The  temperature  dependence  of  the  g-coef- 
ficients  has  been  reported  as  confirming  the  presence  of  polar  phase  regions  for 
relaxors  in  the  same  temperature  range  where  the  quadratic  dependence  of  the 
birefringence  on  ai^plied  electric  field  holds  true.^* 

It  has  been  previously  observed  that  the  polarization-optical  coefficients  are 
nearly  the  same  for  all  o.\ygcn  octahedra  materials  (gn-gij  =  0.11  ±  0.02  mVC^). 
It  has  also  been  noted,  however,  that  Pb-based  perovskites  (including  the  ferro¬ 
electric  relaxors)  are  exceptions  to  this,  exhibiting  g-coefficients  that  are  an  order 
of  magnitude  smaller  than  the  value  common  to  the  other  oxygen-octahedra  ma¬ 
terials.  This  lowering  of  the  g-coefficient  in  Pb-based  systems  has  been  at.ributed 
to  a  polarization  induced  shift  of  the  electronic  band  gap  due  to  the  displacement 
of  the  Pb^'^  sublatticc  which  is  generally  not  accounted  for  in  the  formulation  of 
the  g-coefficients.“ 

The  frequency  dependence  of  (gn-gu)  has  been  measured  and  the  response  is 
observed  to  be  nondispersive  at  low  frequencies  (<100  KHz)  in  agreement  with 
the  frequency  dependence  of  the  dielectric  permittivity  in  this  same  frequency 
regime.  This  is  expected  for  the  composition  under  investigation  since  the  Curie 
range  over  which  the  diffuse  dielectric  and  electro-optic  behavior  occurs  is  below 


ELECTROOPTIC  SWITCHING  RESPONSE 


TOP:  SAMPLE  TRANSMISSION  V.S.  TIME 
UOTi  OM:  APPLIED  SQUARE  VOLTAGE  PULSE 

.9J(Pbf».LaMiKMgiaLNb»)O>-.07  PbllOi 

RESPONSE  TIME  (<litsec) 

VOLTAGE  PULSE  1.15  KV/CM 

FIGURE  9  Signal  Response  as  a  function  of  lime  for  (0.93)(PtH,nLaaei)(Mg,/3Nb]^)O]  -  (0.07)PbTiO3 
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room  temperature.  This  is  a  possible  advantage  in  terms  of  device  application  over 
the  PLZT  compositions  generally  employed  which  exhibit  dispersive  dielectric  be¬ 
havior  at  room  temperature  that  translates  to  the  electro-optic  frequency  response 
as  wcll.^' 

Response  times  for  electro-optic  switching  have  been  examined  by  applying 
square  wave  pulses  of  different  voltages  and  pulse  widths.  As  compared  with  the 
switching  times  reported  for  bulk  PLZT  of  1-10  tisec^'“  the  response  lime  for 
these  PLMN-PT  ceramic  electro-optic  switches  is  rapid;  less  than  1  nsec.  Tlie 
response  of  a  (U.93)(Pb„  wLa„,„)(Mg„jNb2^j)Ox  —  (0.07)PbTiO3  sample  to  a  157 
V  square  pulse  of  about  18  nsec  duration  is  shown  in  Figure  9.  It  was  observed 
Ihni  (he  ri.se  litiic  consistently  was  <1  (tsec  and  that  the  fall  time  is  generally  faster 
than  the  rise  time.  The  |Hist-switching  oscillations  arc  due  to  elecrostriclive  vibra¬ 
tions  in  the  unclnm|)cd  ceramic.  This  clectrostrictive  response  to  the  applied  voltage 
contributes  via  the  strain-optic  effect  to  the  amplitude  of  the  transmitted  signal. 

4.  CONCLUSIONS 

(1)  The  various  descriptions  of  the  diffuse  behavior  associated  with  relaxor  fer¬ 
roelectric  compounds  as  expressed  in  terms  of  the  theory  of  eomposilional 
fluctuations*'*  and  in  particular,  the  model  concerning  “glassy”  polarization 
behavior’  ”  is  consistent  with  the  data  for  (0.93)(Pbo„Lao.oi)(Mg,/jNb2/.,)- 
Oj  -  (0.07)PbTiOj  ceramic  specimens  investigated.  Tlte  weak  field  dielectric 
permittivity  and  (an^  as  a  function  of  temperature  exhibit  the  broad  frequency 
dependent  maxima  characteristic  of  the  diffuse  ferroelectric  phase  transition 
of  materials  with  no  long-range  structural  order.  Evaluation  of  the  refractive 
index  as  a  function  of  frequency  and  temperature  evidence  a  persistence  of  a 
non-reversible  average  local  polarization  to  temperatures  (with  a  of  ap¬ 
proximately  390*C)  very  much  higher  than  the  temperature  of  the  dielectric 
maxitnum.  Tliis  trend  f  jilows  that  observed  for  other  PMN  and  PZN  relaxors 
and  is  well  described  by  the  relationships  derived  to  describe  “glassy”  polar¬ 
ization  behavior  in  these  systems. 

(2)  The  La-modified  (0.93)Pb(Mg,^Nbj/3)O,  -  (0.7)PbTiO,  compositions  inves¬ 
tigated  exhibit  good  electro-optic  response,  rapid  switching  time  and  a  mod¬ 
erate  half-wave  voltage  as  compared  to  PLZT  indicating  future  possibilities  for 
electro-optic  device  applications.  The  low  transition  temperature  of  this  com¬ 
position  allows  for  efficient  room  temperature  operation  of  such  devices,  a 
possible  advantage  over  the  PLZT  compositions  generally  employed  which 
exhibit  dispersive  dielectric  behavior  at  room  temperature  thereby  limiting,  to 
a  certain  extent,  the  electro-optic  frequency  response  of  the  device.^' 
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Large  Hydrostatic  Piezoelectric  Coefficient  in  Lead  Magnesium 
Niobate:  Lead  Titanate  Ceramics 
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The  Pennsylvania  State  University, 
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Lead  mamesium  niobate  (PbMgj/3Nb2/303  -  PMN)  and  its  solid 
solution  with  lead  titanate  (PbTi03-PT),  which  exhibit  relaxor 
ferroelectric  characteristics,  have  recently  been  studied  extensively 
for  possible  use  in  actuators  and  transducers  [1,2].  The  temperature 
range  in  which  the  dielectric  permittivity  is  a  maximum  is  of  special 
interest  for  these  applications,  even  though,  in  this  relatively  large 
temperature  region  the  remnant  polarization  is  absent.  However,  it 
has  been  demonstrated  [3,4]  that  a  very  strong  piezoelectric  effect 
may  be  induced  in  the  material  by  application  of  an  external  electric 
bias  field.  The  possibility  of  controlling  the  amplitude  and  the  phase 
of  the  piezoelectric  response  of  a  matenal  by  an  external  field  is  of 
considerable  interest  in  applications  for  transducers  operating  at 
high  frequencies  (such  as  in  ultrasonic  tomography)  and  also  at 
lower  frequencies,  for  example,  under  conditions  of  hydrostatic 
pressure.  Clearly  in  the  latter,  materials  with  high  hydrostatic 

Eiezoelectric  coefficients  and  gfi  are  essential.  In  this  paper  we 

ave  evaluated  the  hydrostatic  piezoelectric  coefficient,  in 
0.9PMN:0.  IPT  ceramics,  using  the  values  of  the  transverse,  djj,  and 
longitudinal,  djj,  piezoelectric  coefficients  which  were  determined 
experimentally  using  an  ultradilatometer  [5].  This  composition  with 
its  maximum  m  dielectric  permittivity  around  40^0  at  100  Hz  is 
particularly  interesting  for  switchable  transducers  that  operate  near 
room  temperature. 

The  0.9PMN-0.1PT  composition  was  prepared  using  the 
Columbite  precursor  method  [6].  Sintering  was  carried  out  at  1250OC 
for  four  hours.  After  sintering,  the  samples  were  annealed  in  oxygen 
at  900OC  for  four  hours.  The  annealing  step  was  necessary  so  as  to 
make  the  samples  free  of  any  ageing  etiects  [7].  Fig.  1  shows,  for  a 
wpical  sample,  the  dielectric  constant  as  a  function  of  temperature 
for  selected  hequencies.  These  measurements  were  performed 
during  a  heating  cycle  after  the  sample  was  held  at  room 
temperature  for  several  days.  No  dielectric  ageing  behavior  was 
observed. 

In  previous  works,  the  standard  resonance  technique  [3]  as  well 
as  a  mc^ied  resonance  technique  [8]  were  successfuUy  employed  in 
studies  concerning  the  field  induced  piezoelectric  effect  in  relaxor 
ferroelectric  ceramics.  Advant^es  of  the  resonance  methods 
include,  fust,  the  possibility  of  finding  values  of  not  only  the 
piezoelectric  coefficients  but  also  the  elastic  and  dielectric 
coefficients  of  the  material  and  second,  in  a  more  sophisticated 
techniaue  [8],  the  ability  to  obtain  phase  information  for  each  of  the 
above  listed  coefficients. 


RecenUy,  Pan  et  al.  [4]  have  shown  that  the  piezoelectric 
coefficients  in  relaxor  ferroelectric  ceramics  depend  strongly  on 
frequenc]^,  particularly  in  the  temperanire  range  where  the  dielectric 
permittivity  is  also  dispersive.  This  requires  that  all  the  piezoelectric 
coefficients  be  measured  at  the  same  frequency.  For  the  resonance 
techniques  this  means  that  the  lengths  of  the  transverse  (dj; )  and 
the  longitudinal  (dfj)  resonators  ^ould  be  approximately  the  same. 
The  resonance  techniques  are  then  unsuitable  for  the  longitudinal 
mode  of  the  relaxor  ferroelectric  resonators  as  the  D.C.  electric  bias 
field  necessary  to  induce  piezoelectricity  may  become  impractically 
large.  In  addition,  our  experience  shows  that  resonance  of  the 
longitudinal  mode  tends  to  be  distorted  under  large  electric  bias 
fields,  possibly  because  along  the  length  of  the  resonator  the  field  is 
no  longer  homogeneous. 

For  the  above  reasons  we  have  measured  dj/  anddjj  as  a 
function  of  the  electric  bias  field  using  a  laser  interferometer  [5]. 

The  interferometer  allows  for  measurements  of  ultra  low 
displacements  (below  1  A)  over  a  wide  frequency  range  and  the 
measurements  of  both  coefficients  may  be  made  on  the  same  sample. 
The  details  of  the  experimental  approach  to  measure  djj  are 
described  in  [5]  while  details  for  measuring  dj/  are  described  below 
and  represented  schematically  in  Fig.  2.  First,  a  thin  sample  was 
prepared  in  the  shape  of  a  rectangle.  Using  five  minute  epoxy  one  of 
Its  sides  was  then  mounted  across  the  widm  to  the  sample  mount 
and  a  mirror,  made  from  glass  which  was  gold  sputtered,  was 
attached  to  the  other  side  (parallel  to  the  sample  mount)  with  five 
minute  epoxy.  Care  was  taken  in  mounting  the  mirror  parallel  to  the 
mount.  Silver  conducting  wires  were  attached  across  the  thickness  of 
the  sample  to  which  a  DC  bias  and  -1  Volt  rms  ac  electric  field  at  500 
Hz  was  applied.  The  shape  changes  were  measured  in  the  length  of 
the  samp  e.  An  effect  of  the  mirror  on  the  measurements  of  dj/  is 
discussed  by  Pan  et.  al.  [9].  The  dieleciric  properties  were  measured 
with  an  HP  4275A  LCR  bridge.  The  polarization,  P,  was  determined 
at  ~500Hz,  with  a  Sawyer-Tower  circuit.  All  measurements  were 
made  at  room  temperature. 

The  piezoelectric  coefficients  djj  and  dj/,  measured  using  the 
laser  interferometer,  are  shown  in  Fig.  3  as  a  function  of  the  electric 
bias  field.  Also  shown  is  the  hydrostatic  charge  coefficient,  d/|, 
determined  from  the  relationship 

4  =  <0i  +  2dj/  (1) 

d/}  was  calculated  from  the  corresponding  points  in  the  two  curves 
fitted  through  the  experimental  data.  The  maximum  values  for  djj 
(-1000  pC/^,  djj  (-400  pC/N  )  and  d^  (-300  pC/N)  are  remarkably 
high.  Previously  reported  values  of  d?j  in  the  same  composition  by 
Pan  et  al.  are  somewhat  lower.  This  discrepancy  could  be  due  to 
i)  the  properties  of  0.9PMN-0.1PT  are  very  sensitive  to  preparation 
conditions,  and  ii)  the  ambient  temperature  ("room  temperature")  in 
Pan  et  al's  work  might  not  have  been  the  same  as  in  our 
measurements.  In  a  related  study  we  have  found  a  strong 
ternperature  dependence  of  the  piezoelectric  coefficients  in  the 
0.9PMN-0.1PT  material.  The  most  important  result  of  our  study  is 
that  dh  saturates  at  approximately  3.5  kv/cm  reaching  the  value  of 
-  300  pC/N  (about  an  order  of  magnitude  hi^er  than  Siat  of  a  soft 


PZT  materitd).  This  large  value  of  suggests  that  0.9PMN-0.  IPT 
could  be  an  interesting  material  for  a  transducer  operating  under 
conditions  of  hydrostatic  pressure. 

Unfortunately,  the  high  dielectric  constant,  k,  shown  in  Fi^.  4, 
results  in  the  low  values  of  the  voltage  coefficient,  g/j  =dhl£,  given 
in  Fi^.  5  together  with  the  sensitivity  of  the  transducer,  df|gf^.  e  is 
the  dielectnc  permittivity,  and  e  -e^,  where  Eq  is  the  permittivity  of 
free  space.  However,  g/,  is  still  comparable  to  that  in  FZJ  ceramics 
and  the  df^gh  product  is  almost  an  order  of  magnitude  higher.  In 
fact,  in  this  study  the  dielectric  constant  was  measured  at  400  Hz  so 
that  the  values  of  gh  given  are  slightly  lower  than  what  the  actual 
values  would  be  at  300  Hz  (the  frequency  used  for  measuring  d 
coefficients. 

Earlier  experiments  suggest  that  the  orgin  of  the  major 
component  of  tne  total  piezoelectric  effect  in  relaxor  ferroelectrics  is 
polarization  biased  electrostriction  [4].  The  large  values  of  the 
piezoelectric  coefficients  are  due  to  the  large  dielectric  permittivity 
and  consequently  the  large  induced  polarization  while 
electrostrictive  coefficients,  Q,  are  slightly  smaller  than  those  in 
conventional  ceramics,  such  as  BaTiO^  [lO]. 

In  the  dispersive  region  of  the  0.9PMN-0.  IPT  composition,  the 
thermodynamic  phenomenological  relationship  [11] 

dij  =  leiQjiP  I  (2) 

was  found  to  be  only  an  approximation.  However,  the  d  coefficients 
calculated  as  a  function  of  electric  bias  field  do  qualitatively  follow 
the  measured  d  values  [4]. 

A  question  in  our  study  arises  as  to  whether  or  not  the 
phenomenological  description  [  1 1  ]  of  the  hydrostatic  piezoelectric 
response  as  a  mnction  of  field  agrees  at  least  qualitatively  with  the 
data  obtained  experimentally.  It  follows  from  equations  (1)  and  (2) 
that 


d/,  =  2  esPsQh  (3) 

where  Qh  =  Q33  +  '2.Q31  and  is  defined  as  the  hydrostatic 
electrostrictive  coefficient.  If  0? ?  and0?/  are  assumed  to  be 
independent  of  the  electric  field'll]  then  dh  should  have  the  same 
dependence  on  electric  field  as  djj  and  dj).  However,  such 
betiavior  of  dh  is  not  supported  by  experimental  data.  Fig.  6  shows 
the  value  of  033,  d3i,  and  d/|  obtained  from  Equation  (2)  and  (3). 
Electrostrictive  constants  are  taken  from  reference  [12]  and  the 
vdues  used  are  Q33  =  1.9  x  10“^  and  Q31  =  0.8  x  10^ 

m4/v2  Polarization  as  a  function  of  D.C.  bias  field  was  obtained 
from  Fig.  7,  averaging  the  values  of  P  for  each  E.  The  reason  for  the 
observed  discrepancy  between  the  measured  (Fig.  3)  and  calculated 
d/,  may  be,  as  shown  by  Pan  et  al,  that  dj?  and  dj/  deviate  at  large 
fields  and  in  the  dispersive  region  from  the  behaviour  expected 
from  equation  (2).  As  a  result,  the  field  dependence  of  the  sum 
d33  +^d3j  obtained  from  Uie  experimental  values  of  djj  and 
((3 1  (Fig.  j)  does  not  even  qualitatively  agree,  under  our 
experiment^  conditions,  with  the  ones  predicted  by  equation  (3), 
shown  in  Fig.  6. 


Our  study  thus  confmns  earlier  reports  [41  that  in  addition  to  the 
polarization  biased  electrostriction,  the  induced  piezoelectricity  in  the 
studied  composition  has  additional  components  which  become 
important  at  large  electric  bias  fields.  Clearly,  it  would  be  most 
interesting,  from  both  the  practical  and  fundamental  point  of  view  to 
identify  all  the  contributions  to  piezoelectricity  of  O.^PMN-O.IPT. 

Ine  hydrostatic  piezoelectric  coefficient,  ,  in  the 
0.9PMN-0.  IPT  ferroelectric  reiaxor  composition  was  studied  as  a 
function  of  the  electric  bias  field  at  500  Hz  using  a  laser 
interferometer.  We  found  dj,  approaching  a  very  large  value  of  ~300 
pC/N  and  then  saturating  at  an  electric  bias  field  of  ~3.5  kV/cm.  The 
voltage  coefficient,  gh  .  and  the  sensitivity,  d^gh  ,  are  also  found  to 
be  comparable  and  larger,  respectively,  thw  those  in  PZT  ceramics 
despite  a  high  dielectric  constant  in  the  reiaxor  material.  As  contrary 
to  tne  djj  and  dj;  piezoelectric  coefficients,  d/|  does  not,  under  our 
experimental  conditions,  depend  on  electric  bias  field  in  a  manner 
predicted  by  the  thermodynamic  phenomenological  theory. 
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Figure  1.  Dielectric  constant  of  0.9PMN-0.  IPT  as  a  function  of 
temperature  for  selected  frequencies. 
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Figure  2. 


Experimental  set-up  used  to  measure  dj /. 


Figure  3.  Piezoelectric  coefficients  djj ,  and  dh  of 

0.9PMN-0.  IPT  measured  at  ~5(X)  Hz  using  the  laser 
interferometer  (room  temperature  measurements). 


Figure  4.  D.C.  field  dependence  of  the  dielectric  constant  (~250C) 
at  400  Hz  for  0.9PMN-0.1PT. 


Elfctric  Bias  Fitid  (kV/cm) 

Plot  of  the  voltage  coefficient,  gu,  and  the  sensitivity  of 
the  transducer,  d^gh  ,  versus  D.C.  bias. 


Piezoelectric  coefficients  anddh  calculated 

from  equations  (2)  and  (3). 


Electric  Bias  Field  (kV/cm) 


Figure  7. 


Polarization  as  measured  by  the  Sawyer-Tower  circuit 
at  -500  Hz  (~250C). 
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Earlier  effons  to  investigate  the  material  properties  of  ceramic  (1-x) 
Pb(Mgi/3Nb2/3)03-xPbTi03  (PMN-PT)  have  primarily  been  concentrated  upon 
exploring  the  utility  of  PMN-PT  in  applications  where  the  high  dielectric  constant, 
low  thermal  expansion,  and  large,  reproducible  electrostrictive  strains  present  in  the 
compositional  system  could  be  exploited.  1  For  the  present  work,  relaxor 
ferroelectric  ceramics  of  optical  quality  with  the  compositions  .90 
Pb(Mg|/3Nb2/3)O3-.10  PbTi03  |.90  PMN-.IO  PTJ  and  .93 
(Pbo,99Lao.oi)(Mgi/3Nb2/3)03-.07  PbTiOs  1.93  PLMN-.O?  PTl  have  been 
investigated  for  usage  in  electro-optical  devices.  The  ceramic  samples  were  hot- 
pressed  to  an  optical  transparency  of  greater  than  S0%  at  633  nm  and  have  large 
refractive  indices  (  2.54).7 

The  ceramic  compositions  are  located  within  the  ’’pseudocubic”  phase 
region  and  evidence  primarily  a  quadratic  electro-optic  response  upon  application  of 
electrical  voltages.  In  order  to  determine  the  quadratic  electro-optical  coefTicients, 
the  transmitted  intensity  as  a  function  of  voltage  applied  to  the  ceramic  sample 
placed  between  crossed  polarizers  was  measured.  The  measured  birefringence  vs 
E-field  curves  determined  by  this  method  are  shown  in  the  figure. 


Birefringence  vs  E  field  curves  at  T  -  24‘C  (andX  -  633  mm)  for  1 .93  PLMN-.07 
PbTi03  and  II  .90  PMN-.  10  PT. 
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OPTICAL  AND  E-O  PROPERTIES  OF  PMN-PT 


The  effective  quadratic  coefficient,  R,  for  the  transverse  geometry  were  obtained 
from  the  equadon 


2An 

nl^ 


(1) 


where  An  is  the  field-induced  birefringence,  no  the  refractive  index,  and  E  is  the 
applied  electric  field,  by  using  the  first  half-wave  retardation  for  increasing  applied 
voltage.^  The  measured  R  coefficients  for  .93  PLMN-.07  PT  and  .90  PMN-.IO 
PT  along  with  their  polarization-optical  g  coefficients  as  defined  by 


9  =- 


2  An 
nlf^' 


(2) 


(where  the  polarization  P  was  obtained  from  hysteresis  loops)  are  given  in  Table  I. 

Table  I. 


Composition 

R(x  I0-‘*  m2/V2I 
e  633  nm  T  -  24‘C 

glmVCZJ 

.93  PLMN-.07  PT 

2.1 

.0056 

.90  PMN-.IO  PT 

14.5 

.0065 

These  compositions  with  no  initial  birefringence  and  large  values  of  electro¬ 
optic  coefficients  may  have  possible  use  in  optical  modulators,  shutters,  or  other 
electro-optic  devices. 
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The  optical  properties  of  hot  pressed  transparent  ceramics  based  on  the  relaxor  ferroelectric  (l-x)Pb 
(MCi-,,Nb_.  ,)0,-.rPbTiO,  (known  as  PMN-I^)  solid  solution  system  have  been  examined  in  the  visible 
region  W'c  report  transmission  as  a  function  of  wavelength,  refractive  indices  as  a  function  of  tem¬ 
perature  and  wavelength,  and  quadratic  electro-optic  coefficient  data  (or  the  632.8  nm  HeNe  laser 
wavelength  For  our  particular  ceramic  compositions.  .93(Pb„9,Lafloi)(Mg„j.Nb;  j)O>-.07PbTiO,  and 
.90  PMN-.IU  PT.  the  refractive  index  dispersion  is  well  described  by  a  single  term  Selimeier  equation. 
The  observed  temperature  dependence  of  the  refractive  indices  n{T)  can  be  discussed  in  terms  of  polar 
microregions  which  alter  the  refractive  indices  in  these  ceramics  via  the  quadratic  electro-optic  effect. 
Transverse  quadratic  electro-optic  coefficients  measured  were  in  accord  with  those  reported  for  other 
Pb  containing  perovskite  oxides. 


INTRODUCTION 

A  study  of  the  optical  properties  of  transparent  (1-jr)  Pb(Mg|/3,Nb2Aj)03-jrPbTi03 
(hereafter  PMN-PT)  ceramics  is  of  interest  both  for  possible  insight  into  the  physical 
nature  of  relaxor  ferroelectrics  as  well  as  for  making  practical  extension  of  its  several 
present  applications  to  include  usage  in  electro-optic  devices.  Present  applications 
take  advantage  of  (1-x)  PMN-xPTs  singularly  excellent  dielectric,  low  thermal 
expansion,  and  elect rostrictive  properties.'-^  Ceramics  with  the  composition  .90 
PMN-.IO  PT  have  been  used  in  surface  deformable  mirror  technology  and  unlike 
Pb|.^La^(Zr,.Ti,.,)03  (PLZT  x/y/l-y)  can  be  prepared  as  a  stoichiometric  “fully- 
stuffed"  compound  without  aliovalent  defects  and  concomitant  dielectric  aging 
effects.' 

PMN  is  the  classic  example  of  a  relaxor  ferroelectric.  It  has  the  perovskite 
structure  with  Pb^'  ions  on  the  cation  A-site  and  Mg^*  and  Nb'*  ions  in  a  dis¬ 
ordered  setting  for  the  cation  B-site.  This  disorder  is  believed  to  lead  to  “glassy" 
polarization  behavior  observable  in  the  temperature  dependence  of  the  refractive 
index.*  The  weak  field  dielectric  permittivity  as  a  function  of  temperature  exhibits 
a  broad  frequency  dependent  (i.e.,  dispersive)  maximum  characteristic  of  a  diffuse 
phase  transition.  Studies  of  the  optical  birefringence  have  revealed  that  PMN 
samples  when  cooled  to  low  temperatures  evidence  no  optical  anisotropy  which 
would  be  indicative  of  a  macro-volume  change  to  a  polar  phase.*  The  quadratic 
polarization-optic  coefficients  which  have  been  reported  (g,,  -  g,2  =  .015  m*/C^ 
and  gt4  =  .008  m*/C^)  are  not  very  temperature  dependent  and  are  about  an  order 
of  magnitude  smaller  than  those  of  non-Pb-containing  oxygen-octahedra  ferro¬ 
electrics.*  It  is  believed  that  Pb^*  ions  on  the  A-site  cause  high  refractive  indices 
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and  lowered  g  coefficients.  The  refractive  index  dispersion  and  its  temperature 
dependence  have  also  been  reported.’  ® 

PbTi03  is  also  a  perovskite  ferroelectric  but  in  contrast  to  PMN  it  undergoes  a 
displacive  first  order  phase  transition  at  about  492“C.  Optically,  PbTiOj  is  uniaxial 
negative,  has  high  refractive  indices,  and  possesses  an  anomalous  birefringence 
increase  which  disappears  prior  to  the  ferroelectric-paraelectric  phase  transition. 
PbTi03  is  a  good  non-linear  optical  material  with  a  large  reversible  polarization. 
PbTiOi  has  a  value  of  only  -  5i2  =  +  .003  mVC’  at  room  temperature  and  is 
unusual  in  this  regard  even  among  Pb  perovskites.* 

It  is  the  purpose  of  this  paper  to  report  on  the  optical  properties  of  two  relaxor 
ferroelectric  compositions,  .93(Pby99La<,oi)(Mg,;3Nb2.3)O3-.07PbTiO3  and  .90  PMN- 
.  10  PT.  Sample  preparation  for  these  hot  pressed  ceramics  are  detailed  in  Reference 
9  along  with  other  physical  and  dielectric  measurements.  Lanthanum  addition  to 
PMN  or  PZT  enhances  densification  and  thus  improves  transparency.  The  effect 
of  La'*  addition  on  the  dielectric  properties  of  PMN  is  reported  in  Reference  10. 
It  will  be  of  interest  to  see  what  effect  adding  small  amounts  of  LajOj  and  PbTi03, 
a  normal  displacive  ferroelectric,  to  form  a  solid  solution  with  a  relaxor  ferroelectric 
like  PMN  will  have  on  the  optical  properties. 


TRANSMISSION 

Ferroelectric  hot  pressed  samples  to  be  employed  in  optical  and  electro-optical 
devices  must  be  made  sufficiently  transparent  in  the  visible  and  near  IR  region. 
Optical  transmission  measurements  were  made  as  a  function  of  wavelength  using 
a  Cary  2300  spectrophotometer  upon  electrically  unpoled  optically  polished  plates. 
Figure  l(a,b)  shows  the  measured  percent  transmission  as  a  function  of  wavelength 
(300  nm-800  nm).  For  both  of  these  materials  the  percentage  of  transmitted  light 
begins  to  rise  abruptly  at  just  below  380  nm  and  then  increases  only  gradually  with 
wavelength  above  450  nm.  This  gradual  increase  in  transmittance  continues  into 
the  near  IR  at  least  through  1500  nm  without  any  noticeable  absorption  bands 
being  observed.  The  reflection  loss  line  is  drawn  in  from  the  calculated  reflection 
R  =  (n  -  iy/(n  +  1)’  values  using  the  measured  refractive  indices  from  the  next 
section. 

The  .90  PMN-.IO  PT  hot  pressed  sample  is  especially  transparent  (3L7%r  @ 
450  nm  and  57.1  %T@  680  nm).  The  maximum  value  for  the  dielectric  permittivity 
in  this  material  is  Tc  a  45'C  at  1  KHz.  Ferroelectric  regions  are  of  pseudocubic 
symmetry  for  the  PMN-rich  compositions  in  this  solid  solution.  The 
.93(Pbo  99Lao  oi)(Mgi,3Nb2/3)03-.07PbTi03  composition  is  well  into  the  paraelectric 
region  at  room  temperature  (T,  ~  9®C  at  1  KHz).  In  PLZT  it  has  been  shown  that 
the  pseudocubic  9/65/35  composition  is  considerably  more  transparent  than  either 
the  rhombohedral  7/65/35  or  tetragonal  12/40/60  ferroelectric  compositions,  espe¬ 
cially  for  shorter  visible  wavelengths  where  absorption  and  light  scattering  domi¬ 
nate."  Light  scattering  from  domain  walls  and  grain  boundary  scattering  will  occur 
in  La-doped  PMN-PT  ceramics  as  well  and  lower  the  optical  transparency.  The 
addition  of  PbTi03  to  PMN  seems  to  cause  the  thermal  stabilization  of  polar 
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FIGURE  1  Percent  transmission  as  a  function  of  wavelength  for  hot  pressed  optically  polished  plates 
for  ceramic  compositions,  a)  .93(Pb„„La„,.iKMg,„,Nb.  ,)0,  .07PbTiO,  excess;  b)  .90  PMN -.10  PT. 


microferroelectric  regions  in  these  ceramics.  Further  improvements  in  transparency 
for  these  ceramics  may  be  achieved  by  optimizing  the  processing  and  sintering 
conditions. 


REFRACTIVE  INDEX  DISPERSION 

The  refractive  indices  for  several  visible  wavelengths  were  measured  by  the  method 
of  minimum  deviation.  Prisms  with  apex  angles  of  between  20®- 30°  were  cut  and 
polished  from  the  bulk  ceramics.  The  prisms  were  then  annealed  for  30  min  at 
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FIGURE  2  Refractive  index  dispersion  (or  .93(Pb„  wLaooi)(Mg,  j.Nb2/,)O3-.07PbTiO3  in  the  visible 
region. 


525°C  in  order  to  relieve  polishing  strains.  The  prism  apex  angles  and  minimum 
deviation  angles  were  determined  using  a  Gaertner  optical  spectrometer  with  a 
smallest  vernier  reading  of  20”.  Reproducibility  and  calibration  of  the  spectrometer 
readings  lead  us  to  estimate  that  errors  for  the  reported  index  values  are  within 

±3  X  10-^ 

A  representative  dispersion  curve  for  prisms  with  composition 
.93(Pbo  9,1-30  01  )(Mg,/3,Nb2/3)O3*.07PbTiO3  is  shown  in  Figure  2.  These  polycrys¬ 
talline  materials  clearly  have  a  very  high  refractive  index  (>2.7  for  X  <  450  nm) 
which  is  mainly  attributable  to  their  having  a  high  density  of  polarizable  ions  such 
as  Pb-* ,  Ti^* ,  and  Nb’* .  Also,  the  refractive  index  is  quite  dispersive  in  the  visible 
region,  characteristic  of  the  optical  spectrum  on  the  long  wavelength  side  of  UV 
absorption  peaks.  Wemple  and  Didomenico  have  shown  that  the  dispersion  of  the 
index  is  frequently  well  described  by  a  single-term  Sellmeier  dispersion  formula  of 
the  form'^ 


_  EaE„  _  / 


(1) 


where  X,  £  =  wavelength  and  energy  of  the  incident  light,  respectively 

X„,  Eg  =  average  oscillatory  position  and  energy,  respectively 

S„,f  =  E„Ej  =  average  oscillator  strength 


E, 


=  dispersion  energy. 


The  Sellmeier  constants  in  Equation  (1)  are  determined  by  plotting  -  1  vs. 
X'^  to  a  straight  line  least  squares  fit.  Figure  3  shows  this  type  of  plot  for 
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FIGURE  3  Plol  of  l/n’-I  vs.  1/X*  for  .93(Pb„«La«oiKMgi/j,Nbj,j)Oj-.07PbTiOj  in  order  to  determine 
Sellmeier  parameters. 


.93(Pbo  99Lao  oi)(Mg,/3Nb2/3)03-.07PbTi03.  The  tabulated  Sellmeier  parameters  for 
our  measurements  as  well  as  for  the  system  end  members  PMN  and  PbTi03  are 
given  in  Table  1. 

Addition  of  PbTi03  appears  to  1)  raise  the  refractive  index;  2)  raise  the  dispersion 
energy  and  3)  lower  E„  (a  quantity  related  to  the  energy  band  gap)  as  compared 
to  pure  single  crystal  PMN.  The  addition  of  small  amounts  of  La^*  and  associated 
A-site  vacancies  in  place  of  the  Pb^*  ions  would  be  expected  to  lower  the  refractive 
index  values.  The  values  for  PbTi03  in  the  table  are  single  crystal  values  averaged 
for  a  ceramic  index.” 


TABLE  I 

Refractive  index  parameters  for  the  PMN-PT  system 


.93(Pbo  flj) 

(Mg|/3,Nb2/3)Oj- 


1’MN‘ 

.07PbTiO, 

.90  PMN-.IOPT 

PhTiO,'" 

n  (5  632.8  nm 

2.5219 

2.5399 

2.5455 

2.688 

K  (nm) 

0.216 

0.218 

0.220 

0.222 

5.(xl0-"m-’) 

1.013 

1.012 

1.00 

1.09 

£»  (eV) 

5.73 

5.69 

5.64 

5.59 

£.  (eV) 

27.2 

27.40 

27.31 

30.0 

/(eVp 

156 

155.9 

154 

168 

EJS 

(  X  10"  *■*  eV  m-) 

5.66 

5  62 

5.64 

5.13 
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nCURE  4  Tcmpcralure  dependence  of  the  refractive  index  for  .93(Pb„*,La„.„)(Mg,„.Nb.„)0,- 
.07Pbl  lO,  at  four  spectral  wavelengths  in  the  visible  from  20°C-600“C. 


REFRACTIVE  INDEX  TEMPERATURE  DEPENDENCE 

A  small  oven  was  constructed  and  mounted  on  the  spectrometer  to  enable  us  to 
measure  refractive  indices  in  the  range  20“C-60(rC.  Temperatures  were  measured 
using  a  pair  of  thermocouples  located  above  and  below  the  prisms.  Control  of  the 
temperature  was  maintained  within  ±2*C  for  the  indicated  temperature  readings. 

The  temperature  dependence  of  the  refractive  index  was  measured  at  f>^'  com¬ 
mon  spectral  wavelengths  (H  486.13  nm,  Hg  546.07  nm.  He  587.56  nm,  i,nd  H 


FIGURE  5  Expanded  view  of  nfF)  for  composilion  .93(Pbo„ 
H  656  27  nm  in  order  to  ascertain  revalue. 


U..„){Mg„j.Nb„)Ov.07PbTiO,  @ 
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656.27  nm).  Figure  4  shows  the  measured  n{T)  curves  at  the  listed  wavelengths  for 
.93(Pbo99Laooi)(Mg„3,Nb2;3)Ov07PbTi03.  It  should  be  noted  that  subtractions 
have  been  made  as  marked  on  the  top  three  graphs  in  ofder  to  show  ail  four  curves 
on  the  same  high  resolution  scale.  A  few  features  of  these  n{T)  curves  should  be 
pointed  out.  First,  the  high  temperature  region  of  the  curves  is  given  approximately 
by  a  straight  line  fit  to  the  data  in  this  region.  The  dnldi  values  determined  by  the 
slopes  of  these  lines  increase  for  .shorter  wavelengths  nearer  to  the  energy  band 
gap  and  range  from  5.36  x  10'*/®C  for  H  486.13  nm  down  to  1.69  x  10"*/°C  for 
H  656.27  nm.  Secondly,  the  departure  from  linearity  occurs  at  a  point  often  called 
T/  which  is  several  hundred  degrees  above  the  regular  Curie  temperature  (Tc  s 
9°C).  No  major  change  in  the  refractive  indices  would  then  be  expected  to  occur 
at  T,. 

Figure  5  shows  an  expanded  view  of  the  H  656.27  nm  curve  in  order  to  show 
more  clearly  this  departure  from  linearity.  The  value  of  was  determined  as  being 
approximately  390°C  for  each  of  the  four  wavelengths.  Tj  is  therefore  seemingly 
independent  of  wavelength. 


QUADRATIC  ELECTRO-OPTIC  COEFFICIENTS 

The  transverse  quadratic  electro-optic  coefficients  were  measured  using  an  AC 
Senarmont  compensator  method  using  phase  sensitive  lock-in  amplifier  detection. 
A  HeNe  laser  with  a  632.8  nm  output  was  used  as  a  light  source.  The  values  for 
the  electro-optic  coefficients  as  a  function  of  temperature  (20°C-250'’C)  were  de¬ 
termined  under  low  frequency  (<50  KHz)  undamped  conditions.  At  room  tem¬ 
perature,  the  quadratic  electro-optic  coefficients  in  terms  of  polarization  (polari¬ 
zation-optic)  were,  g,,  -  g,2  =  0.08  ±  10%  m*/C^  and  in  terms  of  electric  field 
'  ^12  =  2.25  X  10-'*m-W2  ±  10%  for  .93(Pbo.„Laoo,)(Mg„3,Nb2,,)03- 
.07PbTiO3.  The  electro-optic  g  coefficients  increase  weakly  with  temperature  and 
level  off  so  that  an  average  value  of  g,,  -  g,2  s  .012  m‘'/C^  is  found  for  the  20'’C- 
250”C  temperature  range.'* 


DISCUSSION 


The  n(T)  behavior  in  relaxor  ferroelectrics  (as  found  in  our  samples  Figures  4  and 
5)  is  often  explained  as  follows.  At  temperatures  higher  than  Tj  the  refractive 
index  is  primarily  controlled  by  thermal  expansion  and  thus  changes  linearly  with 
temperature.  Below  T-rf,  the  departure  from  linear  behavior  occurs  due  to  the 
presence  of  microregions  of  local  polarization  which  causes  a  change  A/i  in  the 
refractive  index  proportional  to  the  square  of  the  polarization  by  the  quadratic 
electro-optic  effect.*  '* 

For  randomly  oriented  crystallites  as  found  in  our  unpoled  ceramics,  the  appro¬ 
priate  observed  change  in  refractive  index  is  given  by*® 
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FIGURE  6  Irjasa  function  of  temperature  for  .93(Pbo«La<joi)(Mgio.Nbj„)Oj-.07PbTiO,  calculated 
from  n{T)  data. 


where  n°  is  the  undeviated  refractive  index  as  given  by  the  straight  line,  the  g's 
are  the  appropriate  combination  of  electro-optic  coefficients,  and  Pj  is  the  local 
polarization  present.  Since  we  know  An,  n",  and  can  approximate  the  electro-optic 
coefficients  by  our  measured  value  (g,i  -  gi2  s  .012  mVC^),  we  can  invert  Equation 
(2)  to  find  the  magnitude  of  local  polarization,  |PJ.  This  is  shown  in  Figure  6  for 
the  four  wavelengths  at  which  n(T)  was  measured. 

Temperature  dependent  Sellmeier  parameters  have  also  been  calculated  based 
upon  the  four  frequency  measurements  of  nff).  From  a  primarily  linear  graph  of 
£o  vs.  T  we  have  determined  dEJdT  =  -6.48  x  10“*  eV/®C.  This  quantity 
represents  a  change  in  the  energy  of  the  effective  oscillator  which  can  be  correlated 
to  the  temperature  variation  of  the  band  gap  (quite  close  to  dE^^dT  s  -6.7  x 
10"^  eV/°C  for  indirect  bandgaps).^  exists  to  much  higher  temperatures  and  is 
a  great  deal  larger  than  the  measured  reversible  polarization.  The  comparatively 
large  values  for  Pj  may  be  due  to  grain  boundaries  in  the  ceramic  inhibiting  po¬ 
larization  reversal. 

The  value  of  ~  BWC  (as  shown  in  Figures  4  and  5)  is  larger  than  has  been 
measured  for  PMN  single  crystals^  with  Tj  ~  344'’C.  This  increased  value  may  have 
been  caused  by  the  addition  of  PbTiOj.  Further  studies  are  underway  to  establish 
the  cause  of  such  an  enhancement  of  in  these  ceramics  compared  with  single 
crystal  PMN. 


SUMMARY 

Uc  have  prepared  hot  pressed  optically  transparent  relaxor  ferroelectric  samples 
and  have  measured  some  of  the  important  linear  optical  properties.  Transmission 
me.nsurements  verify  that  PMN-PT  based  ceramics  can  be  made  optically  trans- 
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parent  in  the  visible  range.  Refractive  index  dispersion  has  been  successfully  mod¬ 
eled  by  a  single  term  Sellmeier  equation.  Quadratic  electro-optic  coefficients  were 
measured  and  used  to  interpret  the  n{T)  behavior  of  these  ceramic  samples  ac¬ 
cording  to  a  theory  of  micropolar  regions  applicable  to  relaxor  ferroelectrics. 

Future  work  to  follow  up  this  investigation  will  include  examining  a  further  series 
of  La^*  modified  PMN-PT  and  PST  hot  pressed  transparent  ceramics  for  electro¬ 
optic  related  properties. 
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The  SHG  signal  between  2S  and  2S0°C  was  measured  for  a  Oux-grown  single  crystal,  high-purity  single-crystal  Hbers,  and 
powder  (O.S  pm  average  particle  size)  of  BaTi03.  All  three  BaTiOs  sources  showed  a  distinct  symmetry-forbidden  SHG  signal 
with  thermal  hysteresis  in  the  paraelectric  phase.  In  the  flux-grown  crystal,  annealing  at  temperatures  above  1 40‘  C  for  1 3  h  causes 
the  SHG  signal  in  the  paraelectric  phase  to  disappear  below  the  background  noise  level  of  the  second-harmonic  analyser.  In  the 
single-crystal  fibers  and  powder  the  SHG  signal  is  still  observable  at  250°C. 


I.  Introduction 

Second-harmonic  generation  (SHG)  is  an  ex¬ 
tremely  sensitive  method  for  measuring  the  acentric 
nature  of  crystallographic  structures.  It  is  thus  quite 
useful  in  the  study  of  ferroelectric-paraelectric  phase 
transitions  [1,2].  BaTiOs  has  been  investigated  by 
several  workers  and  its  non-linear  optical  coeffi¬ 
cients  have  been  well  characterized  for  each  of  the 
three  acentric  crystallographic  structures  ( 3-5  ] .  SHG 
has  also  been  observed  in  the  paraelectric  cubic  phase 
of  BaTi03  even  though  the  paraelectric  space  group, 
Pm3m,  contains  a  center  of  symmetry.  It  has  been 
suggested  that  the  symmetry-forbidden  SHG  in  the 
paraelectric  phase  is  due  to  the  formation  of  polar 
regions  about  lattice  defects  [6]  or  due  to  the  oc¬ 
currence  of  dynamic  micropolar  regions  which  le- 
tragonally  modify  the  structure  in  localized  regions 
[4,5].  The  results  presented  in  this  paper  for  SHG 
experiments  on  flux-grown  crystals,  single-crystal  fi¬ 
bers,  and  a  powder  of  BaTiOj  provide  new  infor¬ 
mation  about  the  possible  origin  of  the  forbidden 
SHG  in  the  paraelectric  phase. 


2.  Procedure 

The  SHG  signal  of  three  different  samples  of 
BaTiOa  was  measured  using  a  dual-beam  second- 
harmonic  analyzer  (SHA)  as  described  by  Dougherty 


and  Kurtz  [4,7].  A  Nd:  glass  laser  with  I  J  output 
intensity,  1.06  pm  wavelength,  and  300  ps  pulse 
length  was  used  in  the  analyzer.  Photomultiplier  sig¬ 
nals  from  the  second  harmonic  and  reference  chan¬ 
nels  were  compared  using  a  Hewlett-Packard  541 1  ID 
digitizing  oscilloscope.  SHG  signals  were  measured 
at  discrete  temperatures,  point  by  point,  on  heating 
and  cooling  between  25  and  250°C.  The  tempera¬ 
ture  was  allowed  to  stabilize  for  approximately  1 5 
min  at  each  temperature  and  the  points  reported  are 
averages  of  three  peak  SHG  intensities  recorded  at 
1  min  intervals. 

The  first  sample  investigated  was  a  multidomain 
BaTiOs  single-crystal  platelet  grown  from  a  KF  flux 
by  the  Remeika  method.  The  faces  of  the  platelet  were 
oriented  parallel  to  the  pseudocubic  100  faces  and 
from  capacitance  versus  temperature  measurements 
the  ferroelectric-paraelectric  transition  temperature 
(T^)  was  determined  to  be  1 18°C.  The  SHG  signal 
was  measured  with  the  incident  beam  perpendicular 
to  the  plane  of  the  crystal. 

Cross  sections  of  multidomain  single-crystal  fi¬ 
bers,  grown  from  a  ceramic  feedstock  (made  from 
commercially  available  BaTiOs  powder*')  by  the 
laser-heated  pedestal  technique  [8]  were  also  ana¬ 
lyzed.  Tc  for  the  fibers  occurred  at  I33°C  as  deter¬ 
mined  from  capacitance  versus  temperature  mea- 

•'  TAM  HPB,  TAM  Ceramics,  Inc.,  Niagra  Falls,  NY  14803, 

USA. 
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surements.  Fibers  initially  grown  with  r-axis 
orientation  were  annealed  at  900'’C  and  sliced  to 
form  disks  0. 1  mm  in  thickness.  Several  slices  were 
placed  on  a  glass  cover  slide  in  the  path  of  the  in¬ 
cident  beam,  such  that  the  beam  propagated  along 
the  length  of  the  fiber. 

High-purity  BaTi03  powder  samples  were  pre¬ 
pared  by  placing  less  than  200  mg  of  powder  be¬ 
tween  two  glass  cover  slides  so  as  to  form  a  sand¬ 
wich.  The  powder  had  an  average  particle  size  of  0.5 
pm. 


3.  Results  and  discussion 

3. 1.  BaTiO]  flux-grown  single  crystal 

Fig.  I  shows  the  heating  and  cooling  curve  for  the 
flux-grown  BaTi03  platelet.  The  sharp  decrease  in 
the  SHG  intensity  between  115  and  120°C  is  indic¬ 
ative  of  the  ferroelectric-paraelectric  phase  transi¬ 
tion,  in  good  agreement  with  the  T,  determined  by 
capacitance  measurements.  Above  a  weak  but  dis¬ 
tinct  SHG  signal  is  still  observed  which  decreases 
steadily  with  increasing  temperature.  Above  220°C 
the  SHG  intensity  can  no  longer  be  distinguished 
from  the  background  (background  equals  0.2  in  rcl- 


Fig.  I .  Relative  SHG  intensity  as  a  function  of  temperature  for  a 
multidomain  flux-grown  BaTiOs  single  crystal. 


ativc  units)  and  is  assumed  to  be  zero. 

After  holding  the  crystal  at  220'C  for  30  min,  the 
crystal  was  cooled;  no  measurable  SHG  signal  was 
observed  on  cooling  until  1 17°C  where  the  transi¬ 
tion  to  the  ferroelectric  phase  occurs.  In  two  separate 
trials  the  crystal  was  heated  from  room  temperature 
to  220‘'C  and  then  cooled  to  175'’C  and  145'’C,  re¬ 
spectively,  where  the  crystal  was  held  for  1 5  h.  Soak¬ 
ing  the  crystal  at  175'’Cor  145°Cfor  l5hproduced 
no  change  in  the  zero  SHG  intensity  on  cooling. 

Two  other  heating  and  cooling  schedules  are  shown 
in  fig.  2.  In  the  first  run,  the  sample  was  heated  to 
nO^C,  cooled  to  just  below  the  transition,  and  then 
heated  again  to  220°C.  During  the  initial  heating 
(curve  1 ),  the  intensities  follow  a  curve  similar  to 
fig.  1.  On  cooling  from  I70“C  (curve  2)  the  SHG 
signal  was  constant  until  passing  through  the  ferroe¬ 
lectric  transition.  During  the  second  heating  above 
Tj  (curve  3),  the  SHG  signal  exhibits  the  same  con¬ 
stant  intensity  as  that  observed  during  cooling.  When 
the  crystal  was  heated  above  170°C  (curve  4)  the 
intensity  decreases  in  a  regular  fashion.  For  the  sec¬ 
ond  run  shown  in  fig.  2,  the  crystal  was  heated  to 


Fig.  2.  SHG  in  the  paraelectric  phase  for  two  different  heating 
schedules,  1-5  and  A-C.  In  the  first  heat  schedule  the  crystal  is 
(I)  heated  from  room  temperature  to  I70*C,  (2)  cooled  to 
Iia'C,  (3)  and  (4)  heated  to  220° C,  and  (S)  cooled  to  1I0°C. 
In  the  second  schedule  the  crystal  is  ( A )  heated  from  room  tem¬ 
perature  to  I40°C,  (B)  soaked  at  I40*C  for  15  h,  and  (C)  cooled 
loll0°C. 
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I45°C  (curve  A)  and  was  then  held  for  15  h  (curve 
B).  During  this  hold  time,  the  SHG  signal  decreased 
to  zero,  and  did  not  reappear  until  the  crystal  was 
cooled  below  Tc  (curve  C). 

The  occurrence  of  an  SHG  signal  above  indi¬ 
cates  that  the  paraelectric  phase  contains  some  de¬ 
gree  of  acentricity,  but  the  decrease  of  the  SHG  in¬ 
tensity  above  indicates  a  decrease  in  the  acentric 
nature  of  the  structure  with  increasing  temperature. 
The  fact  that  the  thermal  hysteresis  of  the  SHG  in¬ 
tensity  above  is  both  time  and  temperature  de¬ 
pendent,  suggests  that  the  acentricity  in  the  parae¬ 
lectric  phase  is  metastable.  This  metastable  acentric 
structure  slowly  changes  to  a  more  thermodynam¬ 
ically  stable  centrosymmetric  structure  by  annealing 
at  temperatures  above  140°C. 

J.  BaTiOj  single-crystal  fibers 

Similar  heating  and  cooling  experiments  were 
completed  on  BaTiOj  single-crystal  fibers  and  these 
are  shown  in  fig.  3.  The  fibers  were  first  heated  to 
150°C.  At  Tc=  135°C  a  sharp  drop  in  the  SHG  in¬ 
tensity  occurs  and  then  the  intensity  decreases  stead¬ 
ily  but  more  slowly  with  increasing  temperature.  No 
change  in  the  SHG  intensity  was  observed  after 
holding  the  fibers  at  1  S0°C  for  1 5  h  during  heating. 


Fig.  3.  Relative  SHG  intensity  versus  temperature  for  a  multi¬ 
domain  single-crystal  fiber  of  BaTiOj. 


The  fibers  were  then  further  heated  to  165°C  and 
subsequently  cooled  below  Tc  to  128°C  where  the 
SHG  signal  showed  an  increase  over  that  which  was 
measured  on  heating;  this  difference  in  the  SHG  sig¬ 
nal  below  Tc,  upon  cycling,  may  be  due  to  changes 
in  the  multidomain  structure  of  the  crystal.  Little  or 
no  hysteresis  in  the  SHG  intensity  was  observed  be¬ 
tween  the  first  heating  and  the  cooling  run.  On  heat¬ 
ing  from  128  to  250'’C,  the  SHG  intensity  above  Tc 
decreased  slowly  but  was  always  distinctly  laiger  than 
the  background  noise.  On  cooling  from  2S0°C  the 
intensity  remained  constant  until  below  ISO'C  where 
a  slow  increase  is  observed  to  the  transition  at  133°C. 
A  1 S  h  hold  at  1  S0°C  on  cooling  showed  no  decrease 
in  the  intensity. 

A  temperature  hysteresis  of  the  SHG  intensity  is 
clearly  observed  in  the  fibers  but  the  temperature  at 
which  the  SHG  signal  becomes  zero  could  not  be  de¬ 
termined  since  the  hot  stage  on  the  analyzer  could 
only  reach  2S0°C.  Extrapolation  shows  that  if  the 
SHG  intensity  continues  to  decrease  at  the  same  rate, 
the  SHG  signal  would  not  dissipate  until  the  tem¬ 
perature  is  above  400°C.  The  temperature  hysteresis 
above  Tc  in  fig.  3  is  analogous  to  the  first  heating¬ 
cooling  curve  in  fig.  2  for  the  (lux-grown  platelet.  A 
wider  temperature  range  is  needed  to  observe  the 
complete  hysteresis  effect  in  the  higher-purity  crystal 
fibers. 

3.3.  BaTiOj  powder 

Heating  and  cooling  curves  for  BaTiOj  powder  are 
shown  in  fig.  4.  The  decrease  in  the  SHG  signal  at 
the  transition  is  not  nearly  as  sharp  as  that  observed 
in  the  single-crystal  platelet  and  fibers.  It  is  inter¬ 
esting  to  note  that  even  though  the  SHG  intensity  for 
the  powder  at  room  temperature  is  equal  to  the  in¬ 
tensity  for  the  flux-grown  crystal  and  smaller  than 
the  intensity  for  the  single-crystal  fibers,  the  SHG  in¬ 
tensity  for  the  powder  is  comparatively  larger  above 
7'c=130°C.  The  intensity  above  Tc  also  decreases 
more  rapidly  but  is  still  as  large  as  that  measured  for 
the  single-crystal  fibers  at  250°C.  From  the  change 
in  the  SHG  signal  with  temperature,  it  appears  that 
temperatures  in  excess  of  350°  C  would  be  needed  to 
obtain  a  zero  SHG  intensity.  A  hysteresis  occurs 
above  Tc  but  the  SHG  signal  does  increase  with  de¬ 
creasing  temperature. 
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Fig.  4.  Relative  SHG  intensity  as  a  function  of  temperature  for 
high-purity  BaTiOs  powder  with  an  average  particle  size  of  0.5 
pm. 

All  three  sources  of  BaTiO}  exhibit  a  hysteresis  in 
the  SHG  signal  above  7^  indicating  that  there  is  re¬ 
sidual  metastable  acentricity  which  is  both  temper¬ 
ature  and  time  dependent.  The  time  and  tempera¬ 
ture  dependence  of  the  SHG  signal  appears  to  be 
highly  dependent  upon  the  purity  of  the  BaTiOj  since 
the  high-purity  single-crystal  fibers  and  powder  ex¬ 
hibited  significant  SHG  signals  at  250°C  and  be¬ 
cause  the  SHG  intensity  for  the  single-crystal  fibers 
did  not  decrease  after  annealing  at  I30°C. 

There  may  also  be  a  crystal  (i.e.  particle)  size  de¬ 
pendency  of  the  SHG  signal  above  since  the  pow¬ 
der  exhibited  significantly  higher  SHG  intensities 
than  the  single  crystals.  Such  a  size  dependence  may 
also  be  manifested  in  the  difference  between  the  hys¬ 
teresis  behavior  of  the  powder,  which  showed  partial 
recovery  of  the  SHG  intensity  on  cooling,  and  that 
of  the  single  crystals,  which  showed  no  recovery  on 
cooling.  A  sharper  decline  in  the  SHG  intensity  at 
for  the  single  crystals  also  seems  to  suggest  that  par¬ 
ticle  size,  or  boundary  conditions  in  general,  may  af¬ 
fect  the  SHG  intensity  above  T^. 

4.  Conclnsions 

Any  theory  that  attempts  to  explain  the  occur¬ 


rence  of  SHG  above  in  BaTi03  must  be  able  to 
answer  several  questions.  How  can  an  acentric  struc¬ 
ture  that  produces  an  SHG  signal  occur  in  a  parae- 
lectric  globally  non-centrosymmetric  phase?  Also, 
why  is  there  a  thermal  hysteresis  in  the  SHG  signal? 
Such  a  theory  must  also  explain  why  the  source  for 
acentricity  is  influenced  by  the  presence  of  substi¬ 
tutional  defects  (impurities),  since  the  lower-purity 
flux-grown  crystal  exhibited  an  additional  time  de¬ 
pendence  of  the  SHG  intensity  above  T^.  The  influ¬ 
ence  of  substitutional  defects  is  also  reflected  in  the 
temperature  at  which  the  SHG  signal  disappeared  - 
220"C  for  the  flux-grown  crystal,  greater  than  400°C 
for  the  high-purity  single-crystal  fibers,  and  greater 
than  350“C  for  the  powder.  Since  the  SHG  hyster¬ 
esis  in  the  powder  differs  qualitatively  from  the  SHG 
hysteresis  observed  in  the  single  crystals,  the  source 
of  acentricity  must  also  be  affected  either  through  an 
intrinsic  particle-size  effect  or  by  the  nature  of  the 
crystallite  surfaces  of  the  powders.  It  is  not  yet  pos¬ 
sible  to  say  which  powder  characteristic  influences 
the  SHG  signal. 

A  theory  based  upon  the  occurrence  of  intrinsic 
dynamic  micropolar  regions  can  account  for  an 
acentric  structure  which  produces  an  SHG  signal 
above  Tc,  but  in  this  theory  the  reason  for  the  oc¬ 
currence  of  thermal  hysteresis  in  the  SHG  intensity 
above  T*  is  not  immediately  evident.  All  the  obser¬ 
vations  in  this  work  can  be  explained  with  a  lattice- 
defect  model  in  which  residual  polar  regions  above 
Tc  occur  due  to  defects  with  dipolar  character  or  in¬ 
homogeneities  of  the  lattice-defect  structure.  But  in 
order  to  confirm  this  type  of  defect  model,  further 
evidence  must  be  found  to  substantiate  the  occur¬ 
rence  of  defect-induced  polar  regions  above  T^. 
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ABSTRACT 

This  paper  addresses  many  of  the  variables  which  can  occur  in  processing  relaxor 
feiToelectric  Pb(Mgi/3Nb2/3)03-based  ceramics.  Processing  variables  of  powder  purity,  batching 
composition,  annealing,  and  average  ceramic  grain  size  were  examined  for  to  the  solid  solution 
0.93  Pb(Mgi/3Nb2/3)O3:0.07Pb(Ti)O3  and  a  detailed  characterization  of  dielectric  and 
micro/nanostructure  properties  is  desired.  The  effect  of  each  variables  was  discussed  using 
traditional  dielectric  mixing  laws  (extrinsic  effects)  and  by  the  recent  underlying  of  the  relaxor 
mechanism  (intrinsic  effects).  This  paper  was  intended  to  clarify  the  particular  interactions 
between  the  intrinsic  and  extrinsic  contributions  to  the  dielectric  behavior  of  a  PMN  ceramic.  A 
modified  brick  wall  model  for  dielectric  mixing  in  ceramics  is  used  to  extrapolate  information  such 
as  the  single  crystal  values  of  dielectric  maximum,  Kmax,  the  diffuseness  coefficient  5  and  the 
average  intergranular  phase  thickness  ~  1.8  nm.  This  calculated  intergranular  thickness  agrees  well 
with  TEM  observations. 


1 


INTRODUCTION 


Complex  lead  based  perovsldtes,  with  general  formula  Pb(B  162)03.  exhibiting  diffuse 
frequency  dependent  dielectric  transitions  are  commonly  referred  to  as  relaxor  fexroelectiics.  A 
typical  example  of  the  complex  lead  perovskite  family  is  the  Pb(Mgiy3Nb2/3)03  compound.  The 
underlyirg  (size  of  the)  mechanism(s)  associated  with  relaxor  dielectric  behavior  have  been 
predicted  to  be  on  a  scale  of  ~  ICX)  A  well  below  the  size  of  polycrystalline  ceramic  microstructure 
but  despite  this  there  is  evidence  for  micTOStructural  variaticms  in  properties.n<^) 

Relaxor  compositions  in  the  (1-x)  Pb(Mgi/3Nb2/j)03-xPbTi03  (PMN:PT)  solid  solution 
system  with  x  -  0.07  exhibit  high  dielectric  constants  over  a  broad  range  near  room  temperature 
making  them  attractive  for  applications  such  as  MLC’s  (multilayer  capacitors)  and  electrostrictive 
strain  actuators. The  introduction  of  PMN-based  ceramics  for  such  commercial  applications, 
however,  has  been  a  slow  process  owing  to  the  poor  reproducibility  during  fabrication  and 
subsequent  variations  in  their  dielectric  behavior.  The  aim  of  this  paper  is  to  relate  to  the  readers 
some  of  the  complexities  of  these  PMN-based  materials  and  to  point  out  dielectric-structure  inter¬ 
relationships  with  processing  variables. 

Background  on  Processing  Variables  in  the  PMN-Based  Ceramics 

The  formation  of  perovskite  PMN  is  a  complex  process,  and  as  such  leads  to  variations  n 
subsequent  properties  in  dielectric  constant,  dielectric  aging,  etc.  PMN  polycrystalline  ceranoics 
prepared  by  conventional  mixed  oxide  routes  typically  result  in  large  volume  fractions  (up  to  30%) 
of  a  parasitic  lead  niobate  pyrochlore  phase  (Pb3Nb40i3).  The  generalized  reaction  sequence  for 
conventionally  processed  PMN  is  summarized  in  equation  (1). 


3PbO+2Nb,q 


S30  -«00*C 


4  Pb,Nb,q, 

«o  (anion  deficient  cubic  pyrochlore) 


(la) 


Pt^Nb^q^+  PbO’ 


eoo  -7W  ’C 


exo 


^IPb^Nbjq 

(rhombohedral  pyrochlore) 


(lb) 


Pb,Nbfi+^MgO- 


700  -SOO*C 


endo 


(perovskite) 


(Ic) 


2 


These  equatiaos  u  first  suggested  by  Inada  demonstrated  the  conventional  processing  with  mixed 
oxides  fonned  intermediate  pyrochloie  phases  before  perovskite  PMN  was  formed.(Q  The  first 
reaction  (la)  is  between  PbO  and  Nb20s  and  forms  cubic  pyrochlore  Pb3Nb40i3.  This  cubic 
pyrochlore  reacts  with  lead  oxide  to  form  a  rhombohedral  pyrochlore.  This  rhombohedral 
pyrochlore  final  reacts  with  MgO  to  form  perovskite  PMN  and  cubic  pyrochlore  as  shown  in 
equation  (Ic).  Inada  concluded  higher  yields  of  PMN  could  be  obtained  by  controlling  the  PbO 
loss. 

LeJeune  and  Boilot  report  three  types  of  intermediate  pyrochlore  phase  Pb3Nb40i3, 
Pb2Nb207,  and  also  Pb3Nb208.^^  This  third  pyrochlore  is  included  to  reaction  sequence  such 
that 


Pb,Nb,q  +  PbO  Pt^Nb,q  +  Pb^Nt^O,,  (2) 

(pyrochlore)  (pyrochlore)  (cubic  pyrochlore) 

Pb,Nb,q  liquid  +  MgO^  PMN^  Pb^Nb^O,^.  . 

The  cubic  pyrochlore  is  the  stable  form.  Swartz  and  Shrout  found  only  the  cubic 
pyrochlore  to  be  present  in  the  smdy  of  the  PMN  forxDation.(S)  This  cubic  pyrochlore  had  Mg 
substituted  into  the  structure  to  give  an  approximate  formulation  Pbi.gsNbijiMgo^pOejp.  They 
found  that  this  cubic  pyiochloce  reacted  with  PbO  and  MgO  to  form  PMN  as  exjxessed  in  equation 
(3). 


MgO+  Pb^Nb^q^  +  PbO-*  PMN-*-  Pb^Nb^O,^  ^3^ 

The  presence  ctf  non-ferroelectiic  phases  of  Pb3Nb40i3,  MgO,  PbO,  and  Nb205  result  in 
large  variations  in  the  dielectric  properties  of  the  PMN  cerannes.  These  variations  in  dielectric 
constant  have  been  rationalized  by  on  dielectric  mixing.  The  relative  ''  Amts  of  phase(s)  are 
determined  serm-quantitatively  by  x-ray  powder  diffraction. 

It  was  found  that  the  pyrochlore  formation  could  be  somewhat  suppressed  with 
compositional  modifications  of  excess  PbO  and  MgO  however,  large  variations  in  reponed 
dielectric  behavior  still  were  observed.(®-*0'll) 

The  introduction  of  the  B-site  precursor  method  overcame  much  of  the  reproducibility 
problems.  Phase  pure  perovskite  PMN  ceramics  were  produced  with  corresponding  dielectric 
properties  close  to  those  of  single  crystals.  The  precursor  method  pre-reacts  the  refractory  B-site 
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components  MgO  and  Nb205  to  form  MgNb206  columbite  as  shown  as  shown  in  equation  (4a). 
Then  a  second  reactiao  is  made  between  the  columbite  and  the  PbO  as  shown  in  (4b). 

MgO*  NiiQ  ->  MgNt^C\ 

(cohunbite) 

ZPbO  +  MgNt^C^  ^ 2Pb(  Mg^Nb^\  q  + 

V  *  »/  small  amounts  of  pyrochlore  (4b) 

(peiovskite) 

The  success  of  this  precursor  method  is  mainly  associated  with  an  atomic  dispersion  of  the 
MgO  and  Nb20s  components.  Minor  additions  of  PbO  and  MgO  in  the  batching  further  reduced 
the  pyrochlore  formation  and  enhanced  densification.  However,  these  additions  of  excess  PbO 
and  MgO,  however,  imbalances  the  stoichiometry  of  the  whole  PMN  ceramic.  This  in  turn  leads 
to  changes  of  dielectric  properties  from  that  of  stoichiometric  PMN. 

With  the  production  of  phase  pure  perovsldte  PMN  ceramics  it  became  a  natural  extension 
to  study  microstructure  affects  on  the  dielectric  properties.  Transmission  electron  microscopy 
(TEM)  work  of  Goo  et  al.  reported  small  pyrochlore  grains  in  boundary  regions  outside  the 
detection  limit  of  x-ray  diffraction  (<  2%).(12)  Gorton  et  al.  also  inferred  the  importance  of  glassy 
grain  boundary  phase  effects  on  the  dielectric  propenies.(i3)  it  was  suggested  that  isolated 
pyrochlo^T  phases  would  not  significantly  dilute  the  magnitude  of  the  dielectric  constant— hence 
other  mechanisms  must  account  for  differences  in  dielectric  properties. 

Through  a  better  understanding  of  the  surface  chemistry  and  dissolution  of  the  cotzqTonent 
powders,  and  the  use  of  high  energy  mixing/milling,  stoichiometric  phase  pure  (as  determined  by 
x-ray  powder  diffraction)  perovsldte  PMN  powder  could  be  produced  as  low  as  6S0*C.(i^) 
Although  phase  pure  powders  are  PMN  are  readily  formed,  densification  of  powder  compacts 
requires  atmosphere  contrd  to  compensate  for  PbO  volatility  and  to  ensure  densification.(l^  This 
is  generally  accomidished  throu^  die  additions  of  excess  PbO  to  the  calcined  powders  or  by  using 
a  PbO  source  powder,  e.g.,  PbZrOs.  Excess  PbO  has  two  major  effects  on  the  dielectric 
properties  of  the  PMN  ceramics.  First  is  the  lowering  of  the  dielectric  constant  as  the  volume 
fraction  of  low  dielectric  constant  material  is  increased.  Second,  is  the  dielectric  constant  varies 
with  time,  a  process  known  as  aging. 

In  summary,  although  optimum  processing  is  performed  on  PMN:PT  ceramics 
microstructural  dependences  are  still  observed.  Scanning  electron  microscopy  (SEM)  and  x-ray 
caimot  explain  these  intrinsic  and  extrinsic  effects.  The  purpose  of  this  woric  was  to  characterize 
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features  on  the  scale  associated  with  relaxor  behavior  itself,  Le..  on  the  nanometer  scale  with 
conventional  TEM  techniques, 
r/tckgroud  OB  Um  Relaxor  Ferroelectric 

Since  the  early  1950*s,  work  has  been  going  on  trying  to  understand  the  polarization 
mechanisms  in  relaxor  materials.  Smolensldi  stated  a  model  based  on  chemical  inhomogeneities 
giving  rise  to  a  distribution  of  paraelectric  to  ferroelectric  phase  transitions  thus  resulting  in  diffuse 
phase  transitions.(^)  Later  work  by  Cross(^)  laid  the  ground  work  of  a  new  understanding,  he 
suggested  the  possibility  of  a  system  made  up  of  an  ensemble  of  superparaelectric  polar  regions 
and  the  relaxor  nature  was  the  result  of  thermal  agitations  upon  these  regions.  Recently,  a  link  was 
found  between  the  nanostructural  chemical  B-site  ordering  and  relaxor  behavior  in  complex  lead 
perovskites.  It  was  hypothesised  that  the  ordered  domains  localized  the  superparaelectric 
regions.(^)  Work  by  Viehland  et  al.,  has  found  theoretical  rits  with  a  dipolar-glass  models; 
inferring  that  interaction  between  the  superparaelectric  regions  enhances  the  dielectric  constant  and 
also  accounts  for  its  broad  dispersive  response.O^ 

This  brief  background  gives  the  reader  an  up-to-date  list  of  references  which  are  the 
modem  basis  for  understanding  the  tel&'.or  behavior.  The  relevant  parts  of  the  theories  used  to 
explain  processing  effects  on  properties  are  discussed  in  more  detail  in  the  text  below. 

EXPERIMENTAL  PROCEDURE 

Polycrystalline  cerarrtic  disks  with  the  relaxor  composition  0.93  PMN-0.07  PT  were 
prepared  via  the  B-site  precursor  method.  In  processing  the  columbite  precursor,  the  poor 
dispersion  characteristics  associated  with  MgO  powders  was  addressed  using  both  steric 
hinderance  (polyelectrolyte  dispersant)'*'  and  electrostatic  tepulsioa  (pH  adjustment  by  ammonia)  in 
conjunction  with  high  energy  milling.'*"*’  Upon  calcination  the  appropriate  amount  of  PbO  was 
added  followed  by  a  mixing  in  a  dispersant  adjusted  to  obtain  minimum  lead  dissolution.  A 
perovskite  calcination  is  made  at  7(X)*C  for  4  hn.  Both  the  columbite  Mg.93Nbi  ^11.2106  and 
perovskite  0.93  PMN-.07  PT  calcined  powders  were  examined  by  x-ray  powder  diffiraction  to 
insure  phase  purity.  Uniformity  and  reactivity  of  the  PMN-PT  powder  was  further  enhanced  by 
milling  as  above.  Additioiud  details  of  die  processing  methods  used  are  reported  elsewhere.^^^ 

Samples  prepared  for  diis  study  were  engineered  with  variations  in  powder  purity,  powder 
composition  (excess  PbO),  grain  size,  and  annealing  conditions.  In  terms  of  purity,  both  reagent 
grade  (~  99%)  and  high  purity  (^  99.99%)  component  powders  were  used  to  prepare  saoqiles. 


'*Tamol-901,  Rohm  and  Haas  (note:  no  impurities). 
'♦"♦'Vibratory  Mill 
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The  ntmott  care  wu  taken  to  prevent  contamination  during  processing  of  the  high  purity  material, 
consequently,  high  energy  milling  was  not  performed.  The  lower  reactive  powder  did  not  permit 
densification  at  temperatures  ~  1200*C  resulting  in  a  large  grain  size  microstructure.  Grain  size 
variations  in  the  reagent  grade  material  were  achieved  by  firing  samples  at  different  temperatures  as 
reported  in  the  reference.(^^  Significant  grain  growth  through  longer  firing  times  was  found  not  to 
be  effective.  Previously  reported  grain  growth  behavior  with  firing  time  was  probably  associated 
with  inadequately  processed  materials  (phase  impure)  and/or  materials  containing  additions  of 
excess  PbO  and  MgO  powder  along  with  excessive  PbO  atmosphere  control  during  sintering.  PbO 
additions  used  in  this  study  for  both  reagent  and  high  purity  samples  were  to  engineer  grain 
boundary  regions  and  promote  dielectric  aging.OT) 

Along  with  grain  boundary  modifications  using  excess  PbO,  samples  were  annealed  up  to 
7  days  at  a  temperature  ~  950*C  well  below  the  firing  temperature  to  disallow  grain  growth.  PbO 
volatility  during  annealing  and  sintering  was  controlled  using  a  coarse  sand  of  the  same 
composition  in  which  the  samples  were  buried.  A  non-PbO  atmospheric  source  zirconate  based 
sand  (BaZr03)  was  also  used  for  low  temperature  firings  (<  1 100*C)  to  attempt  to  modify  PbO 
weight  loss  in  the  grain  boundaries.  Atmosphere  control  for  die  high  purity  samples  was  achieved 
using  PbZxOs  powder  placed  in  platinum  boats  around  the  samples.  AH  firings  were  performed  in 
closed  high  density  alumina  crucibles. 

Fired  samples  were  charaaerized  for  weight  loss,  geometric  density,  and  grain  size  as 
determined  on  fracture  surface  using  scanning  electron  microscopy  (SEM). 

The  dielectric  measurements  were  carried  out  on  an  automated  Hewlett-Packard  system  (as 
described  in  the  reference.^^^  The  dielectric  constant  and  loss  were  measmed 
pseudo-continuously  for  each  sample  at  various  frequencies  (100  Hz,  1  KHz,  10  Kz,  100  KHz)  as 
the  samples  were  cooled  firom  -flSO'C  to  -1S0*C  at  a  cooling  rate  of  4*C/miiL  Dielectric  aging 
studies  typically  extend  to  over  1000  hri.  To  facilitate  evaluation  of  a  large  number  of  samples, 
“relative”  percent  aging  values  were  determined  fiom  capacitance  readings  taken  at  24  hrs  and  on 
de-aged  specimens.^l'^ 

Transmission  electron  ixiictoscopy  (TEM)  characterization  was  performed  on  samples  with 
selected  cugineered  variations.  Slices  were  cut  from  fired  disks  using  a  diamond  saw  followed  by 
grinding  to  a  thickness  of  *■  30  pm  using  silicon  carbide.  A  copper  support  grid  was  glued  onto 
the  surface  of  each  polished  specimen  using  epoxy  resin.  Electron  transparent  regions  were 
obtained  by  atom-beam  milling  the  samples  with  an  Ion  Tech  argon  beam  thiimer  operating  at  an 
accelerating  voltage  of  S  kV  and  at  an  incidence  angle  of  15-30  degrees.  Hnished  TEM  specimens 
were  coated  with  a  thin  layer  of  carbon  in  order  to  prevent  them  ftxnn  charging  within  the  electron 
microscope.  TEM  observations  were  made  with  a  JEOL-200CX  microscope  arul  a  Philips  420 
STEM  both  equipped  with  a  LINK  systems  energy  dispersive  x-ray  spectrometer  (EDS). 
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Qnin  boundaries  were  examined  in  the  bright  field  (BF)  TEMimagiiig  mode  usiog  a  phase 
contrast  technique  (u  described  in  refs.  (18  and  19)).  The  technique  being  performed  by  forming 
a  conventional  BF  image  of  a  grain  boundary,  defocussing  the  illumination  (to  fonn  a  parallel 
incident  beam)  and  recording  a  series  of  micrographs  encoaq>assing  both  overfocus  and 
undeifocus  conditions  of  the  objective  lens.  In  this  technique  die  presence  of  a  second  phase  at  die 
grain  boundary  results  in  a  pair  of  daric  or  bright  lines  (which  are  in  fact  a  pair  of  Fresnel  fringes) 
delineating  the  boundary.  If  no  boundary  film  is  present,  micrographs  simply  ^ipear  out-of-focus. 
The  essential  condition  for  this  technique  is  that  the  boundary  is  “edge  on"  relative  to  the  direction 
of  the  incident  electron  beam.  In  this  case  an  estimate  of  the  brain  boundary  thickness  can  also  be 
made.  Grain  boundaries  were  also  examined  by  a  high  resolution  lattice  fringe  imaging  technique. 

As  previously  noted,  the  complex  lead-based  relaxors  possess  a  B-site  cation  ordering. 
This  ordering  corresponds  to  an  F-centered  2ao  x  2ao  x  2ao  superstructure  on  the  B-site 
sublattice.(3-20.2l,22)  -The  B-site  ordering  gives  rise  to  superlattice  reflections  of  the 
type  (h  +  1/2,  k  +  1/2, 1  +  1/2).  Dark  field  imaging  of  these  superlattice  reflections  reveal  order 

Hnmainit  —  10  nm, 

Physical  and  Dielectric  Propertiei 

The  general  characteristics  of  PMN:PT  samples  as  a  function  of  thermal  history  are 
summarized  in  Table  I.  All  the  samples  possessed  densities  greater  than  95%  theoretical 
(8.1 1  g/cm^).  The  weight  loss  during  sintering  was  confined  to  the  range  of  0.5-1.5  wt%  with 
slightly  higher  losses  occuiing  in  sanqiles  processed  at  higher  temperatures.  The  annealed  samples 
and  samples  fired  in  BaZiOs  sand  showed  only  marginal  differences  in  weight  loss.  Both  reagent 
grade  and  high  purity  samples  that  contained  excess  PbO  lost  approximately  0.5  wt%  more  than 
was  added.  It  should  be  mentioned  that  the  x-ray  analysis  of  PMN  ceramic  samples  were  phase 
pure  with  no  evidence  of  pyrochlore  or  PbO  phases. 

For  all  PMN-based  ceramics  studied  tiie  Km«  values  are  relatively  high  and  this  is  believed 
to  be  owing  to  the  overall  care  in  processing.  There  is  a  consistent  influence  of  powder  purity  on 
the  dielectric  omstant  Knm  “  28.0(X)  conqiaied  to  Kw..«  *>  24,500,  given  similar  thermal  process 
conditions  for  high  purity  and  reagent  grade  respectively  and  are  shown  in  Fig.  1.  This  shows 
both  a  lower  dielectric  maxiixuim  and  a  shift  of  Tnux  for  the  reagent  grade  powder  processed. 

A  wider  range  of  grain  sizes  were  achieved  through  intermediate  firing  tenq)eratures,  but 
for  simplicity  tmly  a  few  from  the  extremes  were  selected  for  detailed  structural  characterization. 
Physical  and  dielectric  pnqierties  for  a  wider  range  of  gram  sizes  can  be  found  in  ref.  (15).  Lack 
of  large  grain  sizes  (>  10  pm),  in  this  and  related  work,  is  attributed  to  the  fine  and  uniform 
stoichiometric  starting  powders  and  PbO  control  making  them  less  susceptible  to  abnormal  grain 
growth. 

The  magnitude  of  dielectric  constant  Kmax  versus  grain  size  (G.S.)  is  presented  in  Table  I, 
and  shown  in  Fig.  2  (from  ref.  15).  Qearly,  the  value  of  Kmix  increases  with  increasing  grain 
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size.  In  addition,  further  dtennal  annealing  resulted  in  a  dramatic  increase  in  K,  without  grain 
growth  or  significant  difference  in  wei^t  loss  or  shifts  in  'I'mix  for  grain  sizes  >  1.0  lua 

Dielectric  aging  characteristics  of  the  ceramic  samples  were  also  studied.  It  was  found  that 
the  aging  rate  of  stoichiometry  prepared  samples  were  generally  low  with  hq  detectable  aging 
found  in  the  high  purity  sauries  in  agreement  with  other  repotts.(^)  However,  samples  prepared 
with  excess  PbO,  though  driven-off  through  volatility  during  sintering,  still  exhibited  the  highest 
degree  of  aging  even  for  the  high  purity  samples,  see  Fig.  3. 

In  summarizing,  processing  parameters  which  affecting  the  dielectric  properties  are  grain 
size,  powder  purity,  annealing,  and  non-stoichiometric  batching. 

Micro/Nanostructural  Characterization 

Grain  boundaries  examined  in  samples  prepared  in  this  study  using  both  the  bright-field 
(BF)  TEM  under-focus/one-focus  fresnel  fringe  technique  and  the  high  resolution  lattice  imaging 
revealed  the  existence  of  grain  boundary  phase  in  all  the  materials  characterized  in  this  study.  A 
typical  high  resolution  image  of  the  grain  boundary  phase  in  the  course  grain  reagent  grade  sample 
is  illustrated  in  Fig.  4a  and  b.  As  shown  ( 100)  planes  (0.407  nm)  have  been  imaged  in  adjacent 
edge-on  grains  clearly  showing  a  discontinuity  between  the  two  sets  of  lattice  planes.  Thicknesses 
of  these  intergranular  glassy  phases  were  found  to  be  approximately  -  2  ±  1  nm  with  little 
measurable  variation  in  thickness  either  along  lengths  of  individual  boundaries  or  throughout  each 
sample  or  between  samples  including  those  with  the  excess  PbO  additions.  A  direct  chemical 
analysis  of  the  grain  boundary  phase  could  not  be  obtained  owing  to  the  small  scale  of  the 
boundaries.  However,  the  phase  is  most  likely  Pb-rich  owing  to  the  low  melting  point  of  this 
constituent  and  the  recent  SIMS  study  (secondary  ion  mass  spectroscopy)  by  Wang  and 
Schulzc.(24)  These  PbO-glassy  phases  arc  the  residual  of  a  fugitive  sintering  mechanism  not  well 
understood  at  this  time. 

Although  no  apparent  differences  in  grain  boundaries  were  observed,  compositional  and 
phase  variations  were  found  at  grain  boundary  triple  points.  Second  phases  were  found  at  all  triple 
points  in  the  course  grained  materials  prepared  fixxn  reagent  grade  powders  regardless  of  firing 
condition  or  composititm  (excess  up  to  2  wt%  PbO).  A  representative  example  of  triple  junction 
phase  is  shown  in  Fig.  5.  The  EDS  analysis  revealed  that  the  second  phase  was  rich  in  lead  and 
other  impurity  elements  such  u  Al.  Si,  P.  and  S  as  shown  in  Fig.  6a.  Similar  findings  to  the 
observations  made  by  Gorton  et  aL^l^)  Diffraction  analysis.  Fig.  6b,  of  the  lead  oxide  phase(s) 
could  not  be  indexed  to  any  known  lead-oxide  phase.  The  diffuse  concentric  rings  on  which 
diffracted  spots  are  superin^)osed  implying  that  fine  crystalline  phases  "  10-15  nm  are  present. 
The  “dirty”  triple  junctions  were  observed  in  all  the  reagent  grade  fine  grain  samples.  We  also 
draw  attention  to  the  rounded  grain  boundaries  at  the  triple  points  suggesting  that  a  phase  was 
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liquid  during  idntering.  Interestingly,  die  triple  points  examined  in  the  high  puri^  ceramics  were 
“clean,**  dial  is  free  of  second  phases  as  illustrated  in  Hg.  5b. 

In  addidoo  to  second  phase(s)  at  triple  points,  various  intiagranular  phases  were  observed, 
though  x-ray  powder  diffiractioo  indicated  phase  pure  samples.  Hgure  7a  illustrates  an  example  of 
an  intragranular  particle  found  in  a  high  purity  sample.  The  phase  was  identified  from  dectron 
difrraction  patterns  as  MgO,  <100>  zone  axis  patterns  and  EDS  analysis  shown  in  Figs.  7b  and  c. 
In  the  reagent  grade  PMN  ceramics  intragranular  phases  of  rich  in  Mg  and  Si  were  grown, 
Mg2Si04  has  been  identified  from  electron  diffraction  patterns.  The  Mg2Si04  is  believed  to  be 
produced  during  the  pre-calcination  of  the  Mgo.93Nb1.86Tio.21  ©6  powder  where  SiC)2  is  an 
impurity.  The  size  and  morphology  of  the  MgO-rich  phases  were  irregular  and  randomly 
distributed,  making  any  quantitative  assessment  of  the  volume  firaction  difficult  These  MgO-rich 
phases  are  related  to  dispersion  problems  of  MgO  in  forming  columbite  phase. 

In  addition  to  the  observed  intragranular  and  intergranular  microstructural  features  of 
nanostructural  features  of  the  PMN  grains  were  also  examined.  As  well  documented,  there  exists 
non-stoichiometric  B-site  cation  order  domains  (~  10  nm)  within  the  PMN  grains.(20-21*22) 
Comparing  the  superlattices  on  electron  diffraction  patterns  and  the  dark-field  images  r^ealed  no 
noticeable  differences  in  size  between  the  various  PMN  ceraimcs  prepared. 

So  to  reiterate,  the  presence  and  absence  of  the  intergranular  triple  points  with  reagent  grade 
and  high  purity  powder  were  the  only  significant  microstructural  changes  observed  with  the 
processing  variables.  Small  nanostructural  changes  are  still  believed  to  occur  but  too  small  to  be 
characterized  with  techniques  used  here. 

DISCUSSION 

Rationalizing  the  conqilexity  of  the  polarizatioo  mechanism  of  the  relaxor  ceramic  with 
regard  to  composition,  phases,  defect  chemistry,  in  relation  10  dielectric  pioperties  is  an  extremely 
difficult  problem.  Our  aim  is  to  outline  die  trends  and  plausible  eaylanations. 

Let  us  first  discuss  the  PMN-perovsIdte  grain.  The  PMN  grain  is  an  ensemble  of 
nanoscale  polar  regums  and  chemical  order  domains  both  on  the  order  of  10  nm.  The  polar 
regions  may  exist  up  to  tenqieratures  ~  350*C  where  it  is  believed  the  whole  grain  becomes 
paraelectric  while  the  ensemUe  of  chemical  ordered  domains  remain.  Below  this  critical 
temperature  the  polar  regions  are  thermally  active  and  begin  to  interact  with  one  another  and 
frustrate  each  othen  local  equilibrium  and  is  the  oonce{Aial  basis  of  a  dipolar  glass  desciiption.(lQ 
The  chemical  order  domains  result  from  the  atomic  ordering  of  the  Mg  and  Nb  ions.  This  is 
further  complicated  by  the  belief  that  ordering  growth  is  self-limited  in  PMN.  i.e..  after  long  heat 
treatments  no  noticeable  change  to  the  scale  of  ordering  has  taken  place.  The  ordering  has  been 
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suggested  to  be  noo-stoiduometric  in  nature  with  an  cndeiing  between  Mg-  and  Nb-cations,  close 
to  a  1:1  ratio.  Of  course,  these  suggestions  are  made  from  infeixed  experinoental  results  and  are  not 
totally  conclusive.  However,  such  a  suggestion  can  account  for  the  self-limiting  of  the  order  size 
in  that  there  has  to  be  a  segregation  of  Mg-  and  Nb-rich  regions.  The  Mg-rich  ordered  regions  are 
believed  to  be  are  surrounded  by  a  Nb-rich  sea  in  order  to  maintain  the  stoichiometry.  This  leave 
us  with  a  fundamental  question;  how  would  these  regions  compensate  the  charge  from  such 
non-stoichiometric  ordering?  This  problem  has  been  partly  addressed  by  a  proposed  defect 
chemistry  models  involving  lead  and  oxygen  vacancies  and  the  covalency  of  the  lead  cation  but  as 
yet  no  completely  satisfying  explanation  exists.^^^-^^) 

We  now  consider  the  more  traditional  microstructural  aspects  of  the  PMN-based  ceramic. 
Here  the  ceramic  is  considered  as  an  ensemble  of  micron-scaled  PMN  grains  with  a  few  other 
minor  phases.  The  perovsldte  grains  have  been  observed  to  be  laced  with  a  continuous  amorphous 
intergranular  phase — most  probably  PbO-based.  The  other  intragranuiar  phases  observed  in  this 
smdy  included  Mg-rich  grains  in  the  form  of  MgO  in  high  purity  and  a  Mg2Si04  spinel  phase 
previously  as  pointed  out 

These  MgO  and  PbO  phases  found  in  the  microstructure  and  the  non-stoichiometric 
ordering  at  the  nano-level  implies  a  further  complexity  in  the  defect  chemistry  of  the  PMN  ceramic 
which  still  have  to  be  solved. 

The  Processing  Parameter  Effects  on  the  PMN  Ceramic 
Powdtr  Purity  and  Dopantt 

From  the  above  results  and  previously  published  data  there  is  an  influence  on  both 
dielectric  properties  and  microstructure  with  powder  purity  and  other  dopants.^^^) 

It  is  interesting  that  the  only  observed  microstructural  difrerences  are  found  at  the  triple 
points,  however,  ^plying  single  dielectric  mixing  laws  to  these  discrete  volumes  we  are  unable  to 
account  for  the  difference  in  dielectric  properties.  The  intergranular  grain  boundary  is  observed  to 
be  of  similar  thickness  between  the  high  purity  and  reagent  grade  powders  so  the  differences  in 
dielectric  proper^  are  thought  to  be  the  result  of  impurity  doping  of  the  PMNdT  grain.  Asabeady 
discussed  by  Chen  et  aL,  donor  and  acceptor  doping  have  differing  effects  on  the  nanoscale 
ordering  in  PMN  grains.C^  Dontv  deling  with  La'*’^  enhances  the  scale  of  chemical  ordering, 
whereas  acceptor  doping  with  Na'*’^  reduces  the  scale  of  ordering.  However,  in  their  study 
tremendous  amnnnts  of  dopant  were  used  to  observe  this  effect  These  results  further  imply  that 
the  ordering  in  PMN  is  non-stoichiometric.  The  important  thing  to  learn  from  that  study  is 
aliovalent  doping  influences  the  underlying  order  domain  size. 

The  above  results  show  the  dielectric  constant  is  certainly  enhanced  with  higher  purity 
powders-~the  impurities  being  Na,  Al,  Si,  P,  and  S  from  EDS  and  spectrographic  analyses.  We 
believe  anitm  substitution  is  extremely  unlikely  with  P  and  S,  but  cation  substitution  of  Al'*'^  and 
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Na'*'  can  be  expected.  The  substitution  of  Si^  is  not  expected,  since  Si  prefen  fonr>fold 
coordination  and  not  the  octahedra  six-fold  coordination  as  present  in  perovsldtes.  There  ate 
examples  of  and  Na*  doping  in  Pb(Zr,TiX)3  PMN  perovsldtes,  respcctively.CZT)  So,  the 
inqxxtant  impurities  in  reagent  grade  powder  are  the  Al'*’^  and  Na'*'  acceptor  doping  die  B-site  and 
A-site.  The  acceptor  doping  then  would  decrease  the  size  of  non-stoichiometric  order  domains  of 
PMN. 

To  quantitatively  account  for  changes  in  the  dielectric  constant  and  changes  in  the  ordering 
is  beyond  the  present  theory.  However,  we  are  able  to  demonstrate  the  sensitivity  of  an  individual 
superparaelectric  region  with  small  changes  in  size.  Assuming  the  order  domains  localize  the 
superparaelectric  regions  as  hypothesized  earlier,  then  a  change  in  the  order  domain  size  also 
changes  the  size  of  the  superparaelectric  region.(28)  This  in  turn  effects  the  flipping  frequency,  co, 
of  the  polarization  in  the  superparaelectric  region  as  the  flipping  frequency  is  related  by  the  simple 
expression: 


<0  =  <1)  exp  -  -Pj 

V  (5) 

where  (Oo  •  Debye  frequency  ~  10^^  Hz, 

H  =  height  of  energy  batrier  and  is  directly  related  to  volume  of  the  superparaelectric 
region,  and 

KbT~  the  thermal  energy. 

Then  for  the  same  thermal  energy,  KbT,  we  can  compare  the  flipping  frequency  in  two 
ordered  regions  of  differing  diameters,  di  and  d2.  For  just  a  10%  decrease  (i.e.,  2  unit  cells  in  a 
10  nm  region)  changes  the  flipping  frequency  from  10^  to  10^  Hz  can  be  predicted  using  equation 
(5).  In  the  case  of  acceptor  doping  there  is  an  increase  in  the  number  of  small  high  frequency 
regions  relative  to  pure  PMN  so  a  change  in  the  distributioa  of  superparaelectric  regions  is 
expected  wh  may  account  for  the  observed  decrease  in  Koux  xnd  shift  of  Tmu* 

Nou-Stolehlomttrle  BaUklmg  EJftcts  PMN  CtraaUet 

PMN-based  materials  batched  with  excess  amounts  of  the  constituent  powders  have 
various  effects  on  the  dielectric  properties,  these  are  discussed  bebw. 

ExcgM  PbQ 

As  stated  in  the  introduction,  excess  PbO  has  two  major  effects  on  the  dielectric  behavior, 
one  is  intrinsic,  the  other  is  extrinsic.  The  intrinsic  effect  is  dielectric  aging  and  the  extrinsic  effect 
is  owing  to  the  series  mixing  of  a  continuous  low  dielectric  PbO-based  phase  lowering  the 
dielectric  constant  of  the  ceramic. 
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Accounting  for  the  dielectric  aging  with  the  addition  of  excess  PbO  is  a  difficult  problem. 
Traditionally,  we  expect  aging  to  be  induced  when  aliovalent  cations  are  substituted  into  the  crystal 
structure  inducing  defect  dipoles.^^'^'^^)  These  defect  dipoles  then  align  with  the  ferroelectric 
spontaneous  polarization  and  locally  breaks  the  degeneracy  between  other  possible  polar 
orientations.  The  ferroelectric  polarization  then  prders  this  lower  energy  orientation  over  the  other 
orientations,  the  polarization  becomes  “aged"  into  this  direction  with  time  and  locally  becomes  less 
polarizable.  For  an  understanding  of  the  aging  with  excess  PbO  we  turn  to  a  defect  chemistry 
hypothesis  below.O*^ 

For  a  constant  lead  activity,  the  formation  of  doubly  ionized  oxygen  vacancies  Vq  can  be 
represented  by  the  reaction: 


d. «  iq + 


26' 


(6) 


for  a  low  oxygen  partial  pressure,  PO2.  If  the  PO2  is  high,  then  the  formation  of  Vpb  can  be 
expressed  as: 

2  ^  »  (7) 

For  the  other  extreme  of  PO2  constant,  then 

Plug)  -+  +  v:  +  29'  (Q 

^6 

where  there  is  high  lead  activity,  apb-  In  the  case  of  low  lead  activity 
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.  Pbig)t+  v;^’t-2H 


(7) 


apb  will  be  directly  related  to  die  lead  partial  pressure,  Pbpb.  assuming  a  volatile  species  of  Pb. 

The  relative  concentrations  of  these  defects  will  be  dependent  on  T.  P02>  and  Pbpb* 
although  the  predominant  defect  at  any  specific  thermodynamic  condition  has  still  to  be  determined 
experimentally.  Regardless,  with  an  increase  of  excess  PbO  in  batching  we  suggest  an  increase  in 
the  apb  and  this  has  an  opposite  effect  on  eqs.  (6)  and  (7).  Thus  inducing  an  imbalance  between 
the  [V^  and  [Vq]  and  creating  defect  dipoles  which  could  promote  the  aging  process. 

The  extrinsic  influence  of  excess  PbO  is  to  increase  the  volume  fraction  of  low  dielectric 
constant  material  at  the  grain  boundaries  and  thus  lowering  the  total  dielectric  constant  A  more 
detailed  discussion  on  this  effect  will  be  discussed  with  grain  size  and  intergranular  phases  together 
below. 

ExceM  MgQ 

In  the  early  1980*s.  MgO  was  added  as  a  means  of  controlling  the  pyrochlore  formation  as 
observed  in  the  introduction.  The  dominant  effea  of  MgO  to  well'prepared  PMN  ceranucs  is  the 
induction  of  aging,  Hg.  8.(^7)  jhe  aging  suggests  an  intrinsic  influence  of  the  MgO  related  to  the 
defect  chemistry.  It  may  be  possible  to  substitute  Mg  on  tiie  A-site  in  small  amounts  making  PbO 
excess.  The  above  arguments  for  PbO  excess  would  then  apply.  There  is  no  direct  evidence  for 
Mg  occupying  die  12-coOTdinated  A-site;  but  higher  weight  losses  during  sintering  with  MgO 
excess  and  also  the  presence  of  aging  both  give  this  possibility.  Another,  and  noore  feasible 
possibility  is  the  excess  substitution  of  Mg  on  the  B-site,  thus  perturbing  the  overall  1:2  ratio  of 
Mg  and  Nb  cation  and  effectively  acting  as  an  acceptor  dopam.  Move  detailed  aging  rate  studies  are 
needed  to  substantiate  the  differences  in  die  aging  between  excess  FbO  and  excess  MgO. 

Exceaa  Nb^Qt 

Excess  Nb20s  promotes  pyrochlore  formatitm  and  changes  in  the  dielectric  constant 
appears  to  be  predominantly  extrinsic  owing  to  dilute  of  the  perovsldte  dielectric  constant  Chen  et 
al.,  found  the  reduced  dielectric  constant  in  such  ceramics  obeyed  simple  dielectric  mixing 
laws.(^  For  low  volume  fractions  of  pyrochlore  phase  in  PMN  and  also  for  converse  case  of  low 
volume  fraction  of  PMN  in  pyrochlore  the  dielectric  mixing  laws  suggested  by  Weiner  showed  a 
good  fit  For  intermediate  amounts  of  pyrochlore  in  PMN  a  close  fit  with  logarithmic  rules  was 
formed.  Aging  effects  of  Nb20s  additions  were  not  discussed  by  Chen.C30) 
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Grata  Stz0  Dtptiultmet 

The  origin  of  the  grain  size  dependence  in  the  PMN-based  relaxors  is  an  important 
question.  The  extrinsic  contribution  from  the  continuous  intergranular  glassy  phase  reduces  the 
dielectric  constant  by  dielectric  mixing.  From  our  TEM  studies  it  is  clear  that  despite  changing 
powder-purity,  sintering  temperature,  and  annealing  and  controlling  lead  dissolution  a 
remanent  glassy  intergranular  phase  is  always  present  in  the  ceramics  produced  here.  This  PbO 
glassy  phase  is  ~  2  ±  1  nm  in  thickness  in  these  well-prepared  materials.  There  may  be  slight 
variations  in  the  thickness  of  this  grain  boundary  phase  owing  to  the  different  crystallographic 
orientations  between  adjacent  grains,  but  no  evidence  of  inhomogeneous  distributions  in  grain 
boundary  phase  on  the  scale’s  observed  in  modified  PZT.d) 

In  modeling  the  dielectric  mixing  between  grain  and  intergranular  phase  one  has  to  use  the 
most  appropriate  mixing  rule.  A  generalized  expression  for  a  muldphasic  dielectric  is: 

‘  (8) 

Diphasic  mixing  reduces  the  expansion  to  two  terms  i  s  l  and  2  for  the  respective  dielectric  phases, 
Vi  is  the  volume  fraction  and  IQ  is  the  dielectric  constant 

For  the  case  where  n  *  +  1  we  obtain  K  *  ViKi  +  V2K2  which  corresponds  to  parallel 
dielectric  mixing. 

For  the  case  n  » - 1  we  obtain  the  expression 

k;  ^  (9) 

which  corresponds  to  the  series  mixing.  The  case  n  «  o  corresponds  to  the  enqnrical  logarithmic 
law: 


log  ^  log  k;  +  Vj  log  K,. 

Although,  in  general  the  microstructure  is  a  mixture  of  parallel  and  series  intergranular 
boundaries,  it  is  the  series  boundaries  which  dominate  the  magnitude  of  the  dielectric  constant 
The  overall  dielectric  behavior  for  cases  where  the  matrix  dielectric  constant  Ki  »  K2  the 
intergranular  phase  dielectric  constant  and  the  volume  fractions  of  each  phase  are  such  that 


14 


Vi  »  V2,  the  so-called  brick-wall  approximation  applies.  This  reduces  the  series  law  to  include 
the  volume  fraction  of  series  grain  boundary  phase  only.(34) 


1  Yi 


3/^* 


A^th  PMN:PT  based  ceramics  the  PMN-grains  have  extremely  high  dielectric  constants 
^  20,000  compared  to  an  intergranular  lead  glass  phase  assumed  K2  -  20.(3^)  Also,  the  volume 
fraction  of  the  intergranular  phase  is  small  compared  to  the  grain,  as  the  thickness,  t^  of  the  grain 
boundary  phase  is  very  small  compared  to  the  grain  size  tgb  a  modification  to  the  brick-wall  model 
can  be  made  such  that* 


J _ 1_ 

V 


and 


(12) 


where:  K(  »  dielectric  constant  of  the  grain 

Kg.b  »  dielectric  constant  of  grain  boundary  and  R  is  the  thickness  ratio  between 
grain  size,  tg  and  grain  boundary  thickness,  tg.b 

Now  the  argument  to  distinguish  between  an  extrinsic  PbO  layer  or  an  intrinsic  change  to 
the  relaxor  grain  to  account  for  grain  size  dependence  goes  as  follows.  If  the  grain  size 
dependence  is  solely  controlled  by  changing  R,  the  thickness  ratio,  the  grain  boundary  contribution 
to  dielectric  constant  KS*!’  is  temperature  independent  (for  terxq)entures  in  the  range  studied  here). 
So  the  only  temperature  dependepce  for  the  ceramic  dielectric  constant,  K,  comes  from  the  grains 
themselves,  KS.  The  dielectric  temperature  dependence  of  the  grains  would  be  expected  to  be 
identical  to  the  single  crystals  and  so  it  foUows: 


(13) 


But. 


IS 


(14) 


_!_  1  (7--rr)* 

k^’kT  2C«r 


Where: 


Kcry«»! 
K«yst^  = 

Tmix® 

Soya* 


dielectric  constant  of  single  crystal  PMN:FT., 
maximum  dielectric  constant  of  single  crystal  PMN:FT, 
tenyetanire  at  maximum  dielectric  constant,  and 
diffuseness  coefficient  firom  single  crystal  PMN. 


Combining  equations  (10),  (1 1),  and  (12)  leads  to 


R 


1 


J _ 1 


2CC 


(15) 


However,  it  is  also  possible  to  represent  the  inverse  dielectric  constants  temperature  dependence  of 
the  ceramic  as  follows: 

11  ,  (r- 

where:  Kmax  »  the  maximum  dielectric  constant  of  ceramic,  and 

5  s  diffiiseness  coefficient  of  ceramics. 


Equating  the  equations  (13)  and  (14)  we  have 

1  1  ,  1  1 

^  '  C  ^ 


and 


constant 


(17) 


(18) 
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Equation  (18)  suggests  that  S^Kmax  is  a  constant  for  all  grain  sizes  provided  the  grain  size 
dependence  of  K  is  only  owing  to  the  change  in  ratio  R  of  grain  size  and  grain  boundary  thickness. 
A  plot  of  S^Kratx  versus  grain  size  (lAg)  for  PMN:PT  (0.93A).07)  is  shown  in  Fig.  9.  A  very 
weak  slope  indicates  that  the  extrinsic  grain  size  dependence  is  not  the  con^lete  explanation  of  the 
phenomenon.  However,  the  slope  is  very  weak  in  grain  sizes  >1.0  iim  indicating  the  extrinsic 
contribution  is  dominating.  Recent  evidence  in  PMN  further  indicates  an  intrinsic  effect  is  also 
presenL^^^  Papet  et  aL  showed  a  shift  of  the  C^urie  maximum  to  higher  temperatures  with  smaller 
grain  size  and  also  a  dielectric  constant  K  -  300  measured  from  PMN  particles  -  70  nm  in  a  0-3 
composite. 

In  the  grain  size  range  studied  here  >  1 .0  pm  as  the  extrinsic  mechanism  dominates  this 
allows  the  application  of  equation  (15),  to  the  grain  size  dependence  of  Kmax-  Figure  10  shows 
the  1/Kmax  variation  of  inverse  grain  size  (1/tg).  If  this  data  is  fitted  to  equation  (17),  the  slope  is 
related  to  t8-^/Kg.  Then  using  K8-^,  -  20,  typical  values  for  lead  glasses.(32)  This  approach 
predicts  a  thickness  of  the  grain  boundary  phase  1.8  nm  which  is  a  good  agreement  to  the  TEM 
measured  grain  boundary  thickness  ~  2.0  ±  1.0  nm.  The  intercept  of  Fig.  10  shows  a  Kmax 
-  29,000  for  single  crystal  values  of  PMN:PT  (0.07).  Using  Fig.  9  we  can  also  suggest  values  of 
5  -  38  for  single  crystal  PMN:PT. 

This  approach  of  characterizing  K,  5,  and  t*  *’  from  grain  size  data  is  very  useful  as  it  can 
aid  the  processor  to  eliminate  variations  in  the  grain  boundary  extrinsic  contribution  in  relaxor 
ferroclcctrics. 

Annealing  Treatments 

Annealing  PMN-based  samples  without  grain  growth  were  found  to  enhance  the  dielectric 
constant  The  major  effect  of  amiealing  is  the  reduction  or  redistribution  of  lead  oxide  grain 
boundary  phase  just  small  reduction  in  this  enhanced  the  overall  dielectric  constant  It  is  possible 
that  a  slight  intrinsic  change  to  the  order  domain  distribution  can  also  take  place  and  so  similar 
arguments  involving  an  increase  in  size  and  the  raising  of  dielectric  constant  can  be  applied.  The 
influence  and  sensitivity  of  each  intrinsic  or  extrinsic  effect  is  most  imponant  depends  on  the 
annleaing  tezi^)eratures.  Temperatures  below  800*0  are  nxtre  likely  to  be  changing  intrinsic  effects 
whereas  higher  tenyeranaea  would  be  reducing  the  volume  of  PbO  in  the  grain  boundaries. 

SUMMARY  AND  CONCLUSIONS 

Subde  changes  in  processing  procedures  can  significantly  affect  dielectric  properties  of 
PMN-PT  ceramics.  Reasons  for  this  is  the  complexity  of  interaction  between  atomic  (defect 
chemistry),  nanostructural  and  microstructural  features  making  up  the  PMN  ceramic  as 
summarized  in  Fig.  11.  In  most  ceramics  the  processor  is  concerned  with  either  the 
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microstnictund  or  atoanc  structural  levels  in  engineering  the  required  properties.  Although  the 
nanosmictural  levels  gives  the  relaxor  its  particular  properties,  this  additional  level  makes  the 
processing  much  more  difficult  than  other  electronic  ceramics.  In  that  small  size  changes  in  the 
nanostructure  strongly  influences  the  effect  of  the  intrinsic  relaxor  behavior. 

This  paper  has  demonstrated  which  processing  variables  affect  the  particular  structural 
levels  and  in  mm  give  rise  to  which  intrinsic  or  extrinsic  changes.  Intrinsic  changes  cover  those 
which  influence  the  relaxor  mechanism  directly  at  the  atomic  and  nanosmictural  levels.  Where  as 
extrinsic  changes  are  more  related  to  the  microstrucmral  levels  influences  on  the  dielectric 
properties. 

With  the  present  knowledge  of  processing  PMN  as  reviewed  in  the  introduction  the  major 
extrinsic  influence  is  the  ratio  of  grain  boundary  thickness  and  grain  size.  A  technique  was 
developied  which,  for  grain  sizes  ^  1.0  |im,  can  use  with  annealing  treatments  to  eliminate  the 
maximum  amount  of  intergranular  phase  for  a  range  of  grain  sizes  to  obtain  the  maximum  dielectric 
properties.  Grain  size  dependency  in  relaxors  is  believed  to  be  both  explained  by  the  extrinsic 
contribution  recent  work  on  PMN  implies  a  second  intrinsic  mechanism  is  important  to  lower 
particle  and  grain  sizes.  This  mechanism  will  become  more  apparent  as  PMN  thin  films  are 
produced  but  the  processing  of  these  thin  films  will  have  to  be  developed  in  a  similar  manner  to  the 
ceramic  processing. 
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Typical  difference  between  dielectric  constant  (100  Hz)  and  dielectric  loss  temperature 
de^ndence  in  PMNrPT  (0.93:0.07)  made  from  high  purity  (H.P.)  and  reagent  grade 
(R.G.)  powder. 

Variation  of  the  dielectric  constant  temperature  dependence  (100  Hz)  with  grain  size 
in  PMN:PT  (0.93:0.07)  ceramics. 

Typical  example  of  the  aged  and  deaged  dielectric  behavior  as  a  function  of 
temperature  (at  100  Hz,  1  KHz,  10  KHz,  and  100  KHz)  for  course  grain  (~  6  4m) 
high  purity  but  excess  PbO  ceramic. 

a)  Lattice  image  of  course  grained  PMN:PT  grains  close  to  a  grain  boundary, 
showing  a  grain  boundary  phase  --  2  nm. 

b  and  c)  Under-overfocus  micrographs  of  grain  boundary  phase  in  PMN:PT 
ceramics,  reversal  in  contrast  implies  presence  of  grain  boundary  phase  (ref.  18). 

a)  Glassy  phase  found  at  triple  point  in  reagent  grade  PMN:PT  ceramic. 

b)  Clean  triple  points  in  high  purity  PMN;PT  ceramics. 

a)  Triple  point  in  reagent  grade  PMN:PT  ceramic. 

b)  EDS  of  triple  point  in  reagent  grade  PMN:FT  ceramic. 

c)  Electron  diffractitxi  pattern  reveals  some  diffraction  spots. 

a)  Rare  intergranular  phase  of  MgO  in  high  purity  PMN:PT  (0.93:0.07)  ceramic. 

b)  <(X)1>  difSaction  panem  of  MgO. 

Variation  of  aging  rate  with  the  batch  of  deficient  and  excess  MgO  in  PMN:PT 
(0.93:0.07)  ceramics. 

Variation  of  S^Knua  and  grain  size  for  PMN:PT  (0.93:0.07)  reagent  grade  ceramics. 

Variation  of  1/Km>»  and  grain  size  for  PMN:PT  (0.93:0.07)  reagent  grade  ceramics. 

Schematic  diagram  showing  variations  and  interactions  of  the  structural  levels  in  the 
PMN:PT  ceramic  system. 
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DIELECTRIC  CONSTANT 


Figure  1.  Typical  differeace  between  dielectric  constant  (100  Hz)  and  dielectric  lou  temperature 
d^ndence  in  PMN:PT  (0.93:0.07)  made  from  high  purity  (H.P.)  and  reagent  grade 
(R.G.)  powder. 
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Vuiatioo  of  the  dielectric  ooostam  tempenture  dependence  (100  Hz)  with  gnin  size 
in  PMN:PT  (0.93:0.0^  cenunics. 
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Fimre  3  Typical  example  of  the  aged  aad  dcaged  dielectric  behavior  u  a  function  of 
Figure  .  Hz.  l&z.  10  KHz.  and  100  KHz)  for  course  grain  (*-6  Jim) 

Ugh  purity  but  excess  PbO  cerannc. 
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K)  Under-overfocus  micrographs  of  grain  boundary  phase  in  PMN:PT  ceramics, 
'  reversal  in  contrast  implies  presence  of  grain  boundary  phase  (ref.  1 8). 
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FiKure  8.  Variatioo  of  aging  rate  with  the  batch  of  deficient  and  excess  MgO  in  PMN:PT 
(0.93:0.07)  ceramics. 
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Figure  10.  Vtrusioo  of  l/Kom  and  gnin  size  for  PMNzPT  (0.93.*0.07)  reagent  gnde  cenmics. 
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Effects  of  Sm203  and  Gd203  +  Nd203  on 
Electromechanical  Properties  of  PbTi03  Ceramics 

W.  R.  Xue,*  Walter  A.  Schulze,*’  and  Robert  E.  Newnham* 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 


The  electromechanical  properties  of  PbTiOi  ceramics,  modi¬ 
fied  by  substitution  of  Sm  or  Gd  +  Nd  (same  average  atomic 
radius  as  Sm)  for  Pb,  were  studied  in  the  range  of  6%  to  14% 
substitution.  The  modified  PbTiOj  ceramics  were  stable, 
and  the  Curie  temperature  decreased  linearly  over  this  com¬ 
position  range.  The  10%  Sm  composition  had  a  large  an¬ 
isotropy  in  the  coupling  factor  ratio,  k,/kf,  and  a  similar,  but 
weaker,  effect  developed  for  12%  (1/2  Gd  +  1/2  Nd).  This 
indicates  that  other  than  average  ion  size  may  influence 
the  electromechanical  coupling  factor  ratio.  (Key  words: 
electromechanical  properties,  lead  titanale,  samarium, 
neodymium,  gadolinium.) 

I.  Introduction 

Leadtitanate  ceramics  are  very  useful  piezoelectric  ma¬ 
terials  because  of  their  relatively  small  dielectric  constant, 
high  Curie  temperature,  and  large  piezoelectric  anisotropy. 
Transducers  made  from  PbTiOj  can  be  used  at  high  tempera¬ 
tures  and  high  frequencies.'  *  Two  new  types  of  PbTiOj  ce¬ 
ramics  have  been  investigated  recently.’*  (i)ne  was  modified 
by  the  partial  substitution  of  alkaline-earth  metals  for  Pb  and 
the  second  by  rare-earth  metals  for  Pb. 

In  1981,  Yamashita  reported  on  PbTiOj  ceramics  modified 
with  alkaline-earth  metals. ’  The  coupling  factor  ratio,  k./k^, 
of  this  material  is  12,  an  exceptionally  high  value.  In  1982, 
Takeuchi  described  transducers  with  k,/k,  as  high  as  15. 
made  by  poling  (PbowSmowXTiu'wMnoojlOj  ceramics  at 
15()X'  and  60  kV/cm  * 

To  obtain  cicctroccramics  with  a  k,/k^  ratio  as  high  as  pos¬ 
sible  and  to  examine  the  influence  of  the  substitution  cation 
radius,  we  have  investigated  the  effects  of  Sm  and  Gd  +  Nd 
on  the  electromechanical  properties  of  PbTiOj.  The  ionic 
radii  for  the  three  rare-earth  ions  are  Sm’*,  0.096;  Gd’*, 
0.094;  and  Nd’*,  0  098  nm  (0.96,  0.94,  and  0.98  A,  respec¬ 
tively).  Hence,  doping  PbTiOj  with  a  50:50  mixture  of 
Gd’*  +  Nd’*  should  mimic  the  behavior  of  Sm’*-doped  Pb¬ 
TiOj  if  ionic  size  is  the  critical  factor. 

II.  Experimental  Procedure 

Two  composition  ranges  were  studied:  (Pbi-i  5,Sm,)(Tiow- 
MnonzlOj  and  (Pbi.|  j.fGdo?  +  NdosXKTiowMnomlOj.  In 
the  Sm  series,  ceramic  specimens  were  prepared  with 
X  =  0.06,  0.08,  0.10,  0.12,  and  0.14.  Samples  with  Gd  +  Nd 
substitutions  were  prepared  withy  =  0.08, 0.10,  and  0.12.  The 
raw  materials  were  processed  by  ball-milling  in  plastic  jars 
using  zirconia  balls.  Calcining  was  conducted  at  900°C  for  1  h, 
and  then  the  powder  was  crushed  again.  A  small  amount  of 
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aqueous  poly(vinyl  alcohol)  solution  was  added,  and  the  mix¬ 
ture  was  molded  into  disks  20  mm  in  diameter  by  2  mm  in 
thickness.  They  were  sintered  at  1100°  to  1200°C  for  2  h  in  a 
PbO  atmosphere.  The  lattice  constant  was  measured  by  X-ray 
diffraction  using  CuXa  radiation.  Sputtered  gold  electrodes 
were  applied,  and  poling  was  conducted  in  vegetable  oil  at 
150°C  using  an  electric  field  of  50  kV/cm  for  5  min.  The  tem¬ 
perature  dependence  of  the  dielectric  constant  was  measured 
at  10,  100,  and  1000  kHz  over  the  range  from  50°  to  5(X)'C 
using  a  multifrcquency  inductance-capacitance-resistance 
(LCR)  meter.  Impedance  circle  diagrams  were  used  for  meas¬ 
uring  piezoelectric  characteristics  at  room  temperature.'  The 
piezoelectric  coefficient  djj  was  measured  at  100  Hz  using  a 
djj  meter.* 

III.  Results  and  Discussion 

Table  I  lists  the  tetragonal  parameters  a  and  c.  The  c/a  ratio 
decreases  very  slightly  with  increasing  Sm  content.  Unit-cell 
dimensions  for  the  Gd  +  Nd  scries  are  similar  to  those  for 
Sm.  Curie  temperatures  of  the  Sm-  and  (Gd  -t-  Nd)-doped 
ceramics  are  also  listed  in  Table  I.  The  Curie  temperature 
decreases  approximately  linearly  with  increasing  Sm  or 
Gd  -I-  Nd  content.  The  Curie  temperature  of  (Gd  -e  Nd)- 
substituted  PbTiOj  is  nearly  the  same  as  that  of  the  Sm- 
substituted  material  with  the  same  content. 

The  piezoelectric  coefficient  djj  increases  with  increasing 
Sm  or  Gd  +  Nd  content,  but  not  in  a  linear  fashion.  Compar¬ 
ing  these  two  systems,  the  dyy  values  of  the  Sm  system  are 
slightly  higher  than  those  of  the  Gd  -r  Nd  system.  Table  I 
lists  the  elctromcchanical  coupling  factors  and  k,.  The 
planar  coupling  cocfficent  k^  decreases  with  increasing  Sm, 
reaching  its  smalic.si  value  at  10%  Sm;  it  then  begins  to 
increase.  The  thickness  coupling  factor  k,  increases  with 
increasing  Sm  up  to  10%,  and  then  remains  approximately 
constant  with  further  increases  in  Sm  content.  For 
(Gd  +  Nd)-doped  ceramics,  k,  decreases  with  increasing 
Gd  -E  Nd  content,  whereas  k,  differs  from  the  Sm  trend  and 
decreases  with  increasing  dopant.  The  coupling  factor  ratio 
k,/k,  reaches  maximum  values  of  17  for  10%  Sm  and  10  for 
12%  (Gd  +  Nd).  The  increase  in  the  ratio  for  the  Gd  +  Nd 
dopant  results  from  k^  decreasing  more  rapidly  than  k,  while 
the  ratio  for  the  Sm-doped  material  drops  because  of  the  re¬ 
duction  of  kf. 

IV.  Summary 

PbTiOj  ceramics  modified  by  substitution  of  Sm  or  Gd  -i-  Nd 
for  Pb  are  stable  in  the  range  6%  to  14%  substitution.  The 
Curie  temperature  decreases  linearly  over  this  range. 

The  ratio  of  the  electromechanical  coupling  factor  k,/k, 
is  highest  at  the  10%  Sm  composition.  Even  though  the  Gd  -i- 
Nd  addition  mimics  very  closely  the  Sm  radius,  the  k./k, 
ratio  did  not  change  as  much  as  with  Sm  and,  unlike  the 
Sm-doped  material,  k,  dropped  with  increasing  dopant.  These 
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Table  I.  Lallice  Parameter,  Piezoelectric  Coerficienis,  and  Curie  Temperature  of  Modified  PbTiOi  Ceramics 


Composiiton 

a  (Ar 

c  (A)’ 

cM 

T,  cc) 

<fu(*IO"C/N) 

k,  (») 

A,  (») 

A, /A, 

0% 

3.905 

4.152 

1.063 

490 

+6%  Sm 

3.904 

4.142 

1.061 

393 

54 

4.5 

32.0 

7.1 

+89^  Sm 

3.911 

4.145 

1.060 

357 

61 

3.2 

43.4 

13.6 

+ 10%  Sm 

3.909 

4.138 

1.059 

321 

68 

2.5 

42.7 

17.1 

+  12%  Sm 

3.895 

4.124 

1.059 

282 

72 

6.3 

42.7 

6.8 

+ 14%  Sm 

3.894 

4.123 

1.059 

255 

74 

6.4 

44.5 

7.0 

+  4%  (Gd  +  Nd) 

3.906 

4.140 

1.060 

354 

59 

6.0 

44.0 

7.3 

+  5%  (Gd  +  Nd) 

3.898 

4.124 

1.058 

326 

62 

3.8 

36.0 

9.5 

+6%  (Gd  +  Nd) 

3.899 

4.129 

1.059 

297 

65 

2.8 

29.0 

10.4 

•1  X  =  10  nm. 


results  suggest  that  factors  other  than  ionic  radius  affect  the 
coupling  and  coupling  anisotropy. 
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Abstract  Lead  magnesium  niobate  (PMN)  thin  films  were  prepared  by  a 
solution  sol-gel  (SSG)  technique.  X-ray  difTraction  analysis  indicated  that  the 
perovskite  phase  of  PMN  formed  at  a  temperature  as  low  as  775‘C.  A  highly 
oriented  film  along  (111)  direction  was  obtained  on  silicon  substrate  .  The 
orientation  and  crystallization  rate  were  strongly  influenced  by  the  type  of 
substrate  and  heating  conditions. 


INTRODUCTION 

Lead  magnesium  niobate  (PMN),  Pb(Mgi/3Nb2/3)03  with  perovskite  structure 
has  recently  received  considerable  imporance  in  the  area  of  electronic  ceramics 
because  of  its  excellent  dielectric  and  ferroelectric  properties.'  The  preparation 
and  properties  have  been  investigated  in  both  single  crystal  and  ceramic  forms. 
However,  there  arc  only  few  reports  about  the  preparation  of  PMN  thin  films  in 
the  literature. One  of  the  problems  with  PMN  ceramics  is  the  difficulty  in 
producing  a  single  phase  material  consisting  of  only  the  perovskite  phase. 
Depending  on  the  processing  conditions,  a  second  phase  of  pyrochlore  may 
be  present  which  reduces  the  dielectric  constant  of  the  material.  We  have  reported 
earlier  the  preparation  and  properties  of  PMN  ceramics  using  solution  sol-gel 
method.^’^ 

The  use  of  sol-gel  method  can  offer  many  advantages  in  the  preparation  of 
electronic  ceramics  such  as  purity,  homogeneity,  ease  of  forming  a  variety  of 
structures,  low  processing  temperature  and  unique  combination  of  properties.  In 
this  paper,  we  describe  the  preparation  of  PMN  thin  films  by  a  solution-sol-gel 
method. 

EXPERIMENTAL  PROCEDURE 

Fig.  1  illustrates  the  How  diagram  for  the  preparation  of  solutions  and  films 
using  a  SSG  method.  The  concentration  of  the  solution  was  0.08  mole/litre. 
This  solution  was  stored  in  a  glove  box  to  prevent  hydrolysis  from  the  humid  air. 
The  homogeneous  solution  of  PMN  was  used  for  spin  coating  on  silicon  wafer 
i  1 1 1 1,  platinum  film  which  was  sputtered  on  ( 1 1 1 )  silicon  and  ( 100]  MgO  single 
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crystal  [  100]  substrates.  The  substrates  were  cleaned  by  standard  semiconductor 
processing  techniques.®  Finally,  the  substrates  were  rinsed  with 
2-methoxyethanol  and  dried  using  precision  duster.  This  substrate  cleaning 
procedure  was  found  to  improve  film  quality.  Hydrolysed  solutions  were  applied 
to  all  the  substrates  which  were  then  spun  at  a  speed  of  2000  rpm  for  45 
seconds.  After  each  spin  coating  deposition,  the  substrates  were  heated  in  a 
furnace  at  300'C  for  15  minutes.  After  the  final  deposition,  the  films  were 
calcined  at  various  temperatures  in  air  between  700  to  850'C  at  intervals  of  25  C 
for  30  to  1 20  minutes.  The  films  were  calcined  at  several  heating  rales  also.  In  the 
fast  firing,  the  furnace  was  set  at  a  desired  temperature  and  the  sample  was  placed 
in  a  platinum  foil  and  introduced  into  the  furnace.  In  the  slow  firing,  the  samples 
were  heated  at  5*Ominute. 

The  hydrolysed  solution  was  kept  in  a  beaker  to  form  a  gel.  The  dried  gels 
were  calcined  at  775*C  for  120  minutes.  Thermal  analysis  of  the  gel  was  carried 
out  in  air  with  a  healing  rale  of  lO'C/minule.  The  films  were  charaterized  by 
x-ray  diffraction  (XRD)  analysis.  The  thickness  and  the  grain  size  of  the  films 
were  observed  by  a  scanning  electron  microscope  (SEM). 

RESULTS  AND  DISCUSSION 

The  thermal  analysis  of  the  gel  showed  an  endotherm  at  108‘C  which 
corresponds  to  removal  of  water  associated  with  the  gel  and  an  exotherm  at  34 1  "C 
corresponding  to  the  decomposition  of  organics.  About  18.8%  weight  loss 
occured  in  the  temperature  range  of  30*  -  330*C.  The  removal  of  all  organics 
occurs  at  about  330*C.  The  films  and  the  gel  were  healed  first  at  350*C  for  120 
minutes  and  then  at  775*C  for  120  minutes.  The  gel  calcined  at  775’C  for  120 
minutes  showed  the  formation  of  perovskite  phase  (*98%). 

The  films  deposited  on  the  various  substrate  were  calcined  at  different 
temperatures  revealed  that  the  optimum  temperature  is  775*C.  The  Xl^  pattern 
of  the  film  calcined  at  775*C  for  120  minutes  on  Si  substrate  is  shown  in  figure  2. 
The  amount  of  perovskite  phase  can  be  calculated  using  the  X-ray  intensity  of  the 
( 1 1 1 )  or  ( 1 10)  peak  of  the  perovskite  phase  and  the  intensity  of  the  (222)  peak  of 
the  pyrochlore  phase  as  has  been  reported  earlier.**^  The  amount  of  perovskite 
phase  was  found  to  be  only  83%.  The  XRD  pattern  indicates  the  formation  of 
highly  oriented  film  along  [Ml]  direction.  There  arc  also  some  peaks 
corresponding  to  the  pyrochlore  phase.  As  pointed  out  earlier  the  problem  with 
PMN  ceramics  is  the  difficulty  in  producing  a  single  phase  material  consisting  of 
only  the  perovskite  phase.  With  our  earlier  observation '  and  other  reports  it  is 
concluded  that  the  formation  of  perovskite  phase  from  pyrochlore  phase  may  be  a 
kinetic  problem.  The  amount  of  perovskite  phase  formed  increased  as  the  number 
of  layers  deposited  on  silicon  substrate  increased.  The  heating  rate,  however,  did 
not  affect  the  orientation  of  the  film  on  silicon  substrate.  The  same  orientation 
along  (111)  direction  was  also  observed  on  platinum  sputtered  silicon  .  The  films 
fired  with  a  healing  rale  of  l500’Cy  minute  formed  highly  oriented  films  along 
( 1 10)  direction  on  platinum  sputtered  silicon  and  the  amount  of  perovskite  phase 
was  found  to  ^  >96%  .  With  MgO  substrate,  the  film  calcined  at  800*C  for  30 
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minutes  showed  the  fonnation  of  only  a  small  amount  of  perovskite  phase  with 
1 100]  orientation.  The  complete  formation  of  perovskite  phase  was  not 
observed  by  us  here  and  this  observation  is  in  disagreement  with  that  repotted  by 
Okuwada  et  al.^ 
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FIGURE  2.  XRD  pattern  ofPMN  Him  calcined  at  775*C  for  120  minutes  on 
silicon  substrate. 

The  reason  for  this  difference  is  not  totally  clear  but  it  may  be  due  to  difference 
in  the  precursor  solutions.  All  the  films  showed  a  thickness  of  about  0.3  to  O.S 
pm.  A  typical  SEM  of  PMN  film  on  silicon  substrate  is  show  in  figure  3.  This 
film  was  made  by  five  repeated  coatings  and  calcined  at  775*C.  The  thickness  of 
the  film  was  found  to  be  0.3  pm.  The  grain  size  was  <  0. 1  pm. 

CONCLUSION  AND  FUTURE  WORK 

Lead  magnesium  niobate  thin  films  with  perovskite  structure  were  prepared  by 
solution  sol-gel  method.  The  film  calcined  at  775’C  for  2  hr  showed  >9596  of 
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FIGURE  3.  Scanning  electron  micrograph  of  PMN  film  on  silicon  substrate. 

perovskite  phase.  A  highly  oriented  film  along  ( 1 11 J  direction  was  obtained  on 
silicon  substrate.  The  heating  rate  was  found  to  affect  the  orientation  of  the  thin 
film  on  platinum  sputtered  silicon  substrate.  Further  work  on  the  preparation  of 
the  PMN-PT  films  by  the  SSG  method  reported  here  and  their  electrical  property 
measurements  are  in  progress. 

Acknowledgements 

This  research  was  supported  by  the  Office  of  Naval  Research  Contract  No. 
N00014-86-K-0767. 


1 .  K.  Uchino,  Ceram.  Bull..  647  ( 1 986). 

2.  K.  Okuwada,  M.  Imai  and  K.  Kakuno,  Jon.  J.  of  ApdI.  Phvs..  28.  1271 
(1989). 

3.  L.  C.  Veith,  G.  M.  Vest  and  R.  W.  Vest,  Abst.  of  the  91st  Annual  Meeting 
of  the  Am.  Ceram.  Soc.,  Indiana,  294  (1989). 


34 


P  RAVINDRANATHAN  It  <■/. 


4.  P.  Ravindranathan,  S.  Komameni,  A.  S.  Bhalla,  R.  Roy  and  L.E.  Cross, 
"Ceramic  Transactions”,  Ceramic  Powder  Science.  Ed.  Gary  L.  Messing,  Edwin 
R.  Fuller,  Jr.,  and  H.  Hausner,  Am.  Ceram.  Soc.,  182  (1988). 

5.  P.  Ravindranathan,  S.  Komameni,  A.  S.  Bhalla  and  R.  Roy,  Ferroelectrics 
Letts..  ( accepted). 

6.  D.  P.  Partlow  and  J.  Greggi,  J.  Mater.  Res..  2,  595  (1987). 

7.  P.  Ravindranathan,  S.  Komameni  and  R.  Roy,  J.  Am.  Ceram.  Soc..  12., 
1024(1990). 


APPENDIX  42 


Particle  and  grain  size  effects  on  the  dielectric  behavior  of  the 
relaxor  ferroelectric  Pb(Mgi/3Nb2/3)03 

Philippe  Papet,  Joseph  P.  Dougherty,  and  Thomas  R.  Shrout 

Ctnter  for  IMtctric  Studies,  Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Rtrk,  Pennsylvania  16902 

(Received  24  May  1990;  accepted  20  August  1990) 

The  role  of  particle  and  grain  size  on  the  dielectric  behavior  of  the  perovskite  relaxor 
ferroelectric  Pb(Mgi/jNb2/3)03  [PMN]  was  investigated.  Ultrafine  powders  of  PMN  were 
prepared  using  a  reactive  calcination  process.  Reactive  calcination,  the  process  by  which 
morphological  changes  take  place  upon  reaction  of  the  component  powden,  produced 
particle  agglomerates  less  than  0.5  iim.  Through  milling,  these  structures  were  readily 
broken  down  to  -70  nanometer-sized  particulates.  The  highly  reactive  powders  allowed 
densification  as  low  as  900  °C,  but  with  corresponding  grain  growth  in  the  micron  range. 
Such  grain  growth  was  associated  with  liquid  phase  sintering  as  a  result  of  PbO-NbjOs 
second  phase(s)  pyrochlore.  Sintering,  assisted  by  hot  uniaxial  pressing,  below  the 
temperature  of  liquid  formation  of  835  “C,  allowed  the  fabrication  of  highly  dense 
materials  with  a  grain  size  less  than  0.3  tim.  The  dielectric  and  related  properties  were 
determined  for  samples  having  grain  sizes  in  the  range  of  0.3  fj.m  to  6  fim.  Qiaracteristic 
of  relaxors,  frequency  dependence  (K  and  loss)  and  point  of  were  found  to  be 
related  to  grain  and/or  particle  size  and  secondarily  to  the  processing  conditions. 
Modeling  of  panicle  size/dielectric  behavior  was  performed  using  various  dielectric 
properties  of  0-3  composites  comprised  of  varying  size  powder  in  a  polymer  matrix.  An 
intrinsic-microdomain  perturbation  concept  was  proposed  to  interpret  observed  scaling 
effects  of  the  relaxor  dielectric  behavior  in  contrast  to  normally  accepted  extrinsic  grain 
boundary  models. 


I.  INTRODUCTION 

Lead  magnesium  niobate,  Pb(Mgi/3Nb2/3)Oj,  be¬ 
longs  to  a  family  of  complex  Pb(B'B'')03  perovskites 
which  are  known  as  relaxor  ferroelectrics.  First  discov¬ 
ered  by  Smolenskii,*'^  these  materiab  exhibit  broad  and 
anomalously  large  dielectric  maximas  which  make  them 
ideal  candidates  for  multilayer  capacitors  (MLCs)  and 
electrostriction  actuators,  electro-optics.’’^  The  follow¬ 
ing  materials  are  distinguished  from  “normal”  ferroelec¬ 
trics  by  the  presence  of  a  broad  diffuse  and  dispersive 
phase  transition.  The  dielearic  constant  (K)  p^s  at 
Tm,  but  because  of  the  dispersion  in  the  Curie  tempera¬ 
ture  can  be  defined  only  in  reference  to  the  frequency 
at  which  the  measurements  are  made.  The  spontaneous 
polarization,  P„  is  not  lost  at  T.  but  gradually  decays  to 
zero  with  increasing  temperature  above  Tm-  Relaxor 
materials  show  no  evidence  of  optical  anisotropy  or 
x-ray  line  splitting  (pseudo-cubic  structural  changes), 
even  well  below  Tm- 

The  most  widely  accepted  models  for  the  under¬ 
standing  of  relaxor  ferroelectric  phenomena  come  from 
Smolenskii’  and  Cross.*  The  generally  accepted  inhomo¬ 
geneous  micToregion  model  postulated  by  Smolenskii 
el  al.  bases  the  origin  of  the  diffuse  phase  transition  on 
local  compositional  fluctuations  associated  with  B-site 
cation  disorder,  resulting  in  a  distribution  of  Curie  tem¬ 
peratures.  Cross  further  enhanced  the  understanding  of 


relaxor  dielectric  behavior,  suggesting  that  localized 
polar  microregions  are  analogous  to  spin  cluster  behav¬ 
ior  in  superparamagnets.  Cross’s  “superparaelectric” 
concept  accounts  for  many  of  the  observed  proper¬ 
ties  of  relaxon  including  the  frequency  dependence  of 
the  permittivity,  dielectric  aging,  and  also  metastable 
switching  from  micro  -»  macrodomain.  More  recently, 
Randall  et  al.  proposed  a  connection  between  localized 
B-site  cation  ordering  and  relaxor  behavior.’  Common 
to  all  the  above  modeb  b  the  fact  that  the  structural 
origin  of  relaxor  behavior  b  on  the  scale  of  10-1(X)  nm. 

As  relaxor-based  materiab  continue  to  play  an  in¬ 
creasing  role  in  electro-ceramics,  it  b  important  that 
one  understands  the  role  of  microstructural  relationships 
on  the  overall  relaxor  dielectric  behavior.  This  impor¬ 
tance  b  exemplified  in  applications  such  as  multilayer 
capacitors,  thin  films,  and  actuators,  where  microstruc¬ 
tural  features  such  as  grain  sizes  are  approaching  the 
scale  of  the  origin  of  relaxor  behavior.  TTie  objective  of 
this  work  was  to  investigate  the  role  of  grain  size  and 
particle  size  in  PMN  ceramics  as  it  approaches  the  as¬ 
sociated  nanoscale  region  of  relaxor  dielectric  behavior. 

II.  EXPERIMENTAL 

In  order  to  investigate  the  influence  of  particle  and 
grain  size  as  they  approach  the  associated  scale  of  re¬ 
laxor  ferroelectrics,  one  must  start  with  nanosized  pow- 
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den.  Such  powden  are  generally  achievable  utilizing 
only  sophisticated  chemical  techniques.'  In  this  study, 
PMN  powder  was  prepared  using  a  co-precipitation 
process,  similar  to  that  reported  in  Ref.  9.  However,  in 
the  process,  to  get  phase  purity  required  relatively  high 
calcination  temperatures  (»850  *C)  to  ensure  per- 
ovskite  formation  and  hence  resulted  in  particle  sizes 
>l  Min.  Alternatively,  very  fine  PMN  powder  was  pro¬ 
duced  via  solid  state  reaction  using  a  reactive  calcina¬ 
tion  process  in  conjunction  with  high  energy  milling. 
Characteristic  of  le^-based  perovskites,  a  large  volu¬ 
metric  expansion  occurs  upon  reaction.  At  this  point, 
the  morphological  development  results  in  a  spongy 
skeletal  type  structure,  which  is  susceptible  to  milling. 
This  process,  known  as  reactive  calcination,  is  well  de¬ 
scribed  in  a  previous  paper  for  numerous  lead  based 
pcrovskite  compounds.'® 

For  the  case  of  PMN,  the  component  powders  used 
were  Hammond  2PbC03-Pb(OH>2  (99%)  and  MgNb206 
columbite,  prepared  by  prereacting  Fisher  Scientific 
MgCOj  (99%)  and  Fansteel  Metals  NbjOj  (99.5%)  at 
1200  °C/4  h.  The  columbite  precursor  method,  first  uti¬ 
lized  by  Swartz  and  Shrout,"  helps  eliminate  the  poten¬ 
tial  of  unwanted  lead-niobate  pyrochiore  phase(s). 

The  powder  mixture  was  calcined  at  650  *C/4  h  in 
order  to  obtain  the  point  of  maximum  volume  expan¬ 
sion.  High  energy  milling  was  performed  using  a  Union 
Process  Model-01  attritor  mill.  For  this,  the  power  was 
mixed  with  de-ionized  HjO  and  polyelcctrolyte  dis¬ 
persant  (Rohm  and  Haas  Tamol  S^l).  The  reactively 
calcined  and  milled  powders  were  charaaerized  for  sur¬ 
face  area,  particle  size,  average  agglomeration  number 
AAN(50),  and  phase  purity  by  x-ray  diffraction.  The 
powder  was  found  to  contain  a  small  amount  of  py¬ 
rochiore;  hence,  another  powder  was  calcined  at 
900  ”C/4  h  to  completely  eliminate  possible  effects  of 
pyrochiore,  and  milled  as  above.  Characteristics  of  the 
various  powders  are  reported  in  Table  I.  The  reactively 
calcined  powder  was  very  fine  with  a  calculated  par¬ 
ticle  sL' '.  of  0.45  Mtn.  Clearly,  it  appears  that  the  milling 


TABLE  I.  Physical  cbaiacteristics  of  calcined  powden. 


treatment  was  very  efficient  in  this  case,  producing  a 
calculated  particle  size  of  the  milled  powder  (70  tun)  in 
a  range  generally  achievable  using  osly  chemical  syn¬ 
thesis  techniques.  For  all  ptoceu  conditions,  the  depee 
of  agglomeration  as  given  by  AAN(S0),  which  represents 
an  estimate  of  the  number  of  primary  particles  in  each 
agglomerate,’^  was  found  to  be  similar  and  overall  low. 

The  absence  of  a  structural  and  corresponding 
abrupt  ferroelectric  phase  transition  in  leiaxor  ferro- 
electrics  eliminated  the  possibility  of  alternative  pow¬ 
der  characterization  methods,  e.g.,  differential  thermal 
analysis  (DTA)  and  x-ray  diffraction,  to  look  at  possible 
size  effects  on  the  transition  as  observed  in  normal 
fcrroelectrics.'’  Hence,  various  sized  powders  were  used 
to  prepare  0-3  polymer  composites'*  in  which  the 
dielectric  behavior  of  the  powders  themselves  could  be 
determined,  utilizing  various  dielectric  mixing  models. 
The  preparation  of  0-3  composites  consisted  of  homo¬ 
geneously  mixing  prepared  powders  (-35  vol.%)  with 
a  polymer  (epoxy  resin)  to  obtain  a  composite  where 
the  grains  of  powder  were  embedded  in  a  3-difflension- 
ally  interconnected  polymer  matrix. 

To  investigate  the  effects  of  particle  size  on  sinter¬ 
ing  behavior  and  subsequent  grain  size,  disks  (10  mm 
diameter)  were  prepared  using  polyvinylbutyral  binder 
followed  by  burnout.  The  resultant  green  densities  were 
in  the  range  of  58-60%  of  theoretical  density.  Both 
conventional  sintering  in  the  temperature  range  900- 
1100  °C  and  hot  uniaxial  pressing  in  the  range  of  800- 
900  *C  were  used,  the  latter  being  required  to  prevent 
anomalous  grain  growth  associated  with  the  presence 
of  a  liquid  phase  as  a  result  of  PbO-Nb205-pyrocblore 
formation,  to  be  discussed  later.  Weight  loss  due  to 
PbO  volatility  was  limited  to  less  than  1%. 

The  fired  samples  were  characterized  for  geomet¬ 
ric  density  and  grain  size  using  scanning  electron 
microscopy  (SEM)  of  fractured  surfaces  and  transmis¬ 
sion  electron  microscopy  (TEM).  Selected  samples  of 
varying  microstructures  were  polished  and  electroded 
using  sputtered-on  gold.  The  dielectric  properties  were 


Samples 

Calcined 

temperature 

Milling 

time 

Specific  surface 
area 

mVg 

Calculated 
particle  size* 
(nm) 

Measured  (median) 
particle  size' 

(mo) 

AAN(50)' 

650  UM 

650  'C  (4  h) 

Unmilled 

1.65 

450 

1.5  (sedigraph)' 

37 

650  M 

650  *0  (4  h) 

4  h 

10.07 

70 

0.2  (TEM) 

23 

900  UM 

900  ’C  (4  h) 

Unmilled 

0J4 

1400 

4.6  (sedigraph) 

35 

900  M 

900  ‘C  (4  h) 

4  b 

4,07 

180 

0  6  (TEM) 

37 

'Equivaleot  spherical  diameter  (ESDI  determined  through  the  equation  D  »  b/pS.A.  where  p  is  the  theoretical  density,  SA  the  specific  sur¬ 
face  area,  and  D  the  calculated  primary  particle  size. 

•AAN(50)  -  (MPS)V(ESD)' 

'Model  5000  sedigrtph,  micromeritict,  Norcroia.  GA. 
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measured  pseudo-coDtinuously  from  120  *C  to  -60  *C 
at  various  fitquencies  (100  Hz,  1,  10.  100  kHz)  using  a 
Hewlett-Packard  automated  system. 

Characteristic  of  the  diei^ric  temperature  behav¬ 
ior  in  reiaxofs,  values  of  Kmu,  Tm,  and  relative  fre¬ 
quency  dispenioo  which  characterize  the  broadness  of 
the  dielectric  peak,  were  determined,  including  the  0-3 
composites. 

111.  RESULTS  AND  DISCUSSION 

The  sintering  behavior  of  the  reactively  calcined 
(650  °C)  (milled  and  unmilled)  and  the  high  tempera¬ 
ture  calcined  powders  (900  “C)  are  shown  in  Fig.  1.  As 
presented,  the  reactively  calcined  powders  began  to  sin¬ 
ter  as  low  as  700  “C,  reaching  >90%  theoretical  density 
near  900  “C.  As  expected,  reactivity  was  enhanced  by 
milling.  Figure  1,  however,  demonstrates  that  the  sin¬ 
tering  behavior  of  the  powders  was  not  related  to  parti¬ 
cle  size  only,  since  the  900  °C  milled  powder  was  finer 
than  the  650  "C  (unmilled),  yet  the  latter  densified 
more  readily.  This  difference  was  again  noted  in  the 
grain  growth  behavior.  As  presented  in  Table  U,  900  ‘C 
calcined/milled  samples  (9()0M)  exhibited  smaller  grain 
sizes  than  the  reactively  calcined  materials.  Both  the 
sintering  and  grain  growth  behavior  were  correlated  to 
the  presence  of  pyrochlore  in  the  reactively  calcined 
powders,  resulting  in  liquid  phase  formation  corre¬ 
sponding  to  a  PbO-NbiOs  eutectic  835  ‘C,  as  previ¬ 
ously  reported.^^ 

Biased  on  the  above,  to  produce  densification  of  the 
reactively  calcined  powder  without  grain  growth,  hot 
uniaxial  pressing  was  thus  required  at  temperatures  less 
than  835  "C.  Grain  sizes  as  low  as  0.3  fj.m  were  achieved. 
Densities  ^95%  theoretical  were  obtained;  the  density 


600  700  800  900  1000  1100  1200 

Tamparotur*  (*C) 

FIG.  1.  Relative  density  versus  sintering  temperature  for  the  con¬ 
ventionally  sintered  samples  using  milled  (M)  and  unmilled  |UM) 
powders. 


was  slightly  dependent  on  the  pressure.  Although  pyro¬ 
chlore  was  observed  in  the  reactively  calcined  powders, 
none  remained  after  sintering.  In  the  case  of  900M 
powder  only  ~89%  density  was  reached  by  hot  uniaxial 
pressing  at  870  *C;  the  grain  size  was  close  to  0.4S  mid- 
Arepre^utive  TEM  photomicrograph  (rfa  hot  pressed 
fine  grain  PMN  sample  is  shown  in  Fig.  2.  Though  the 
thermal  process  conditions  were  at  low  temperatures, 
the  microstnictures  were  well  developed  with  only  a 
few  dislocations  and  inclusions  observed. 

Dlalactrlc  propartlas 

The  physical  and  dielectric  properties  of  PMN 
samples  as  a  function  of  sintering  conditions  are  re¬ 
ported  in  Table  II.  To  compute  the  maximum  dielectric 
constant  (/f.ti  or  Km)  versus  grain  size,  we  first  have  to 
take  into  account  porosity.  We  estimated  the  real  value 
of  Km,  without  porosity,  using  Wiener’s  mixture  rule  for 
diphasic  solids  containing  an  isolated  spherical  minor 
phase  given  as‘^: 

K  -  Ki/K  +  2K^  »  KiKj  -  Ki)/K2  +  2Ki.  (1) 

where  K  is  the  average  dielectric  constant,  K\  and  Ki 
the  dielectric  constant  of  phases  1  and  2,  respectively, 
and  Vi  the  volume  fraction  of  phase  2,  which  is  assumed 
to  be  constituted  of  spheres  embedded  in  a  matrix  of 
phase  1.  Assuming  the  porosity  is  not  interconnected, 
we  have: 

=  /Td  +  Kj/2)/(l  -  Vi)  (2) 

where  K  is  the  experimental  value  directly  measured. 

The  calculated  values  of  Km  versus  grain  size  are 
plotted  in  Fig.  3,  which  shows  the  monotonic  decrease 
of  Km  as  the  grain  size  decreases.  In  fact,  as  we  can  see 
in  Fig.  4,  the  dielectric  constant  is  decreased  at  all  tem¬ 
peratures  when  the  grain  size  is  reduced.  Note  also  that 
the  degrees  of  dielectric  dispenioo  in  both  K  and  loss 
are  greatly  diminished  with  decreasing  grain  sizes,  as 
evident  for  the  0.3  fim  sample. 

The  dielectric  peaks  for  ultrafine  PMN  powder 
(<0.3  uiD)  embedded  in  powder :  polymer  composites 
were  difficult  to  distinguish  because  of  the  very  low 
dielectric  constant  of  the  polymer  {K  -  3.7),  conse¬ 
quently  dominating  the  composite  dielectric  behavior. 
In  other  words,  the  flatness  of  the  dielectric  versus 
temperature  behavior  did  not  permit  distinguishing 
Km  or  Tm. 

The  dielectric  values  were  measured  to  be  a  /f  of 
—10  for  the  650M  powder  composite  (-22  vol.%)  and 
—38  for  the  900M  composites.  The  values  of  the  dielec¬ 
tric  constant  for  the  ultrafine  PMN  powders  were  esti¬ 
mated  using  the  logarithmic  rule'^: 

Ln  /Cco«gpotiu  =  Ppoiy  Ln  Kfciy  +  PpMN  Ln  K  pmn 

(3) 


2904 


J.  Mater.  Rm..  VoI.  5.  No.  12.  Ow:  1990 


P-  P«P«.  J-  P-  Do*JS^««rty,  and  T.R.  Shrout  Olaiactrtc  bahavtor  o<  tha  rataxor  tarroatacirtc  Pb<Mgv)Nbvi)Oi 


TABLE  II.  Pbysicml  aad  didactric  propeniat  of  sintarad  PMN  lampict. 


SuBptH 

Flriag  coadlUow 

Density  (%) 

Grain  sixa  (mib) 

Kmm  (1  kHt)f 

T.(*Q 

&S0M 

Ho(-prene4  (18  MPa) 

810  *C,  2  h 

85 

OJ 

4600 

(5400) 

fl 

Hot-pnuMl  (21  MPa) 

825  *0,  2  a 

91 

OJ 

5900 

(6500) 

-3 

As  above 

Annealed  24  b  at  600  *C 

91 

0.3 

7500 

(8200) 

-2.2 

Aj  above 

Annealed  1  week  at  600  *C 

91 

0.3 

7100 

(7800) 

-2.3 

Hot-pressed  (25  MPa) 

825  'C.  2  h 

95 

0.3 

6400 

(6700) 

-0.7 

Hot -pressed  (18  MPa) 

890  ’C.  2  b 

98 

1.1 

11200 

(11400) 

-5  4 

Conventional 

900  ‘C.  2  b 

92 

2 

11200 

(12200) 

-6.2 

Conventional 

950  ’C.  2  b 

95 

4 

15400 

(16200) 

-8.2 

Conventional 

1050  'C.  2  b 

97 

5.6 

16600 

(17100) 

-8.4 

650UM 

Conventional 

950  •C.  2  b 

91 

2.9 

13300 

(14600) 

-5.2 

Conventional 

1050  *C.  2  b 

95 

4.7 

16800 

(17700) 

-7.4 

Conventional 

1100  ‘C,  2  b 

96 

6.2 

17300 

(18000) 

-7.6 

900M 

Hot-pressed  (MPa) 

860  •C.  2  b 

89 

0.45 

7200 

(8100) 

-3.4 

Conventional 

1000  •€.  2  b 

95 

2.6 

13300 

(14000) 

-11.6 

Conventional 

1050  ‘C,  2  b 

96 

4.6 

14700 

(15300) 

-11.9 

‘Kmu  value  in  parentheses  calculated  using  E<).  (2). 


where  ^po*y  and  Kf^  are  the  volume  fmctioo  and  dielec* 
trie  constant  of  the  polymer  phase,  respectively.  The 
logarithmic  mixing  rule  was  selected  because  it  gave 
the  best  fit  to  standard  samples  and  previous  results  of 
high  K  dielectric  polymer  composites. The  standard 
composites  were  comprised  of  coarse  PMN  powder  pro¬ 
cessed  from  well-sintered  compacts  of  known  dielectric 
constants.  Values  of  Knurt  -  330  and  2800  were  deter¬ 
mined,  respectively,  for  the  6S0M  and  900M  powden. 
These  results  further  underline  the  decreasing  of  K 
with  the  grain  size,  as  shown  in  Fig.  3. 

Similar  dielectric  grain  size  dependency  in  other 
lead-based  relaxors  has  been  explained  by  the  presence 
of  a  low  polarizable  phase  boundary."  ”  Naturally,  with 
decreasing  grain  size  the  volume  of  the  low  polarizable 
second  phase  increases  with  a  corresponding  decrease 
in  the  dielectric  consunt.  The  origin  of  a  low  polariz¬ 
able  (low  K)  second  phase  may  be  due  to  different  fac¬ 


tors.  First,  it  is  very  common  to  observe  using  TEM 
analysis  the  presence  of  a  very  thin  layer  of  second 
phase  on  the  order  of  1-2  nm  located  around  each 
grain,  believed  to  be  PbO-based  regardless  of  process 
conditions.”'^’  This  phase  is  also  found  at  triple  point 
boundaries  along  with  impurities  derived  from  the  raw 
materials  or  introduced  during  processing. 

Recently,  Wang  and  Schulze"  systematically  exam¬ 
ined  the  role  of  a  PbO  grain  boundary  phase  on  the 
dielectric  properties  of  PMN.  The  dielectric  constant 
was  found  to  decrease  with  increasing  amounts  of  PbO 
introduced  during  processing.  Though  little  grain  size 
variations  were  observed,  the  dielectric  dependency  was 
explained  according  to  the  series  mixing  theory  used 
for  diphasic  systems  where  Kg  >  K^,  being  simplified 
in  the  following  expression: 

J _ 1_ 

K  RKgg 
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FIG.  2.  TEM  photofflicrofraph  of  the  fractured  surface  of  a 
hot-pressed  650M  sample  at  825  *C  (21  MPa),  x  -  dislocations, 
i  •  inclusion. 


where  K  is  the  microstnicturally  dependent  value  at 
71.,  the  single  crystal  value,  the  grain  boundary 

value,  and  H  the  ratio  of  the  grain  size  to  grain 
boundary  thickness.  Assuming  a  K.mi  of  20000  and 
in  the  order  of  10  to  20,  the  dielectric  analysis  revealed 
a  grain  boundary  layer  in  the  range  of  1  to  5  nm,  in* 
creasing  according  to  the  amount  of  excess  PbO  added. 

Using  the  above  expression  and  and  Kgi  values 
of  20  GOO  and  20,  respectively,  assuming  a  1  nm  grain 
boundary  thickness  as  schematically  depicted  in  Fig.  S(a) 
(the  lower  limit  for  stoichiometric  PMN),  the  micro- 
structurally  dependent  K  value  was  determined  as  a 
function  of  grain  size  and  presented  in  Fig.  3  as  the 
series  model.  As  shown,  go^  agreement  between  the 
experimentally  determined  values,  regardless  of  process 


FIG.  3.  Maximum  of  the  dielectric  constaot  KmmM  venus  fraio 
and/or  particle  size. 


PIC.  4.  Grain  size  effects  on  the  dielectric  properties:  (a)  di¬ 
electric  constant  versus  temperature  and  (b)  dielectric  lou  venus 
temperature. 


ctHiditions,  was  observed  down  to  about  the  1  mid  grain 
size  level.  Deviations  below  1  ^m  may  be  a  result  of 
limitations  in  the  series  diphasic  mixing  model  used.  As 
the  volume  of  the  low  K  phase  increases,  the  model  ap¬ 
proaches  the  parallel  case. 

Though  a  low  X  grain  boundary  phase  appears  to 
explain  adequately  the  observed  grain  size  dependency, 
this  concept  cannot  account  for  the  extremely  low 
dielectric  values  of  the  fine  grain  samples  and  the  PMN 
powders  where  no  grain  boundaries  are  present.  Limi¬ 
tations  of  the  grain  boundary  concept  are  further 
shown  by  the  observed  shifts  in  T.,  as  reported  in 
Table  II  and  shown  in  Figs.  4<a)  and  6.  The  shifts  in  Tm 
were  not  only  grain  size  dependent,  but  process  related 
as  well. 
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GRAIN 

BOUNDARY 

(PbO) 


PMN 

GRAIN 


20,000-  p' 

DIELECTRIC 
CONSTANT  K 

20-t _ 

d-» 

(a) 


20,000-1 - - 

K 

300 - 

d-» 

(b) 


FIC.  5.  Schematic  ooe-dimeosional  represeatatioa  of  dielectric  itnicture-property  relationihipt  for  PMN:  (a)  PbO  grain  boundary  concept 
and  (b)  microdomain  perturbation  concept. 


Alternatively  to  the  low  K  PbO-graio  boundary 
phase,  a  second  source  of  low  polarizable  phase  r^on 
may  be  a  consequence  of  the  low  processing  tempera^ 
tures  used  and  high  energy  milling  treatment  of  the 
powders,  resulting  in  less  developed  crystallinity  and/or 
defects  (e.g.,  dislocations)  located  on  grain  particte 
surfaces.  The  exact  nature  of  surfaces  of  dielectric  pow¬ 
ders  in  relation  to  process  conditions,  unfortunately,  is 
not  well  understood  at  this  time. 

An  additional  parameter  that  can  lead  to  modifica¬ 
tion  of  the  dielectric  properties  is  stress.  Studies  on  the 
pressure  dependence  of  PbO-based  relaxor  materials 
show  that  by  applying  an  isostatic  pressure  both  Km  and 
Tm  decrease.^-"  Similar  particle/grain  size  effects  have 
been  found  for  other  perovskites  where,  with  decreas- 


FIC.  6.  Temperature  of  Km  venus  liotering  lemperatura. 


ing  particle  or  grain  size,  the  effective  surface  tensional 
stresses  are  believed  to  play  an  important  role.*^ 

In  support  of  stress  effects,  Shrout  er  al.^  found  that 
by  annealing  sintered  samples  of  PMN-based  dielec* 
tries,  a  dramatic  increase  in  K  was  found.  In  this  work, 
thermal  annealing  of  a  low  K  hot-pressed  sample  was 
tried,  to  emphasize  further  the  effect  of  stress.  By  an¬ 
nealing  for  different  periods  of  time  at  only  600  *C  so 
as  not  to  allow  any  microstnjctural  charges  or  PbO  loss, 
it  was  noted  that  for  24  h  of  thermal  treatment.  Km  did 
increase  (see  Table  II)-  Annealing  for  one  week,  how¬ 
ever,  resulted  in  Km  decreasing  slightly  in  comparison 
with  the  24-h  annealed  sample.  This  rc^t  suggesu  the 
formation  of  a  small  amount  of  pyrochlore  phase  due 
to  the  long  thermal  treatment,  though  not  detected 
by  x-ray  diffractioa.  However,  in  oppositkm  to  the  role 
of  stress  oo  the  dielectric  behavior  is  the  fact  that  Tmu 
increases,  not  deoeasea,  with  decreasing  grain  size.  It  is 
also  difficult  to  justify  significant  levels  of  internal 
stress  in  an  isotropic  material  that  doesn’t  exhibit  a 
phase  change  upon  cooling  from  thermal  processing 
(calcining  or  sintering). 

The  particle  and  grain  size  dependency  of  the 
dielectric  behavior  in  PMN  can  possibly  be  explained 
based  on  the  intrinsic  underlying  mechanism(s)  of  re¬ 
laxor  behavior  itself.  Recent  work  by  Viehland  er  al}'' 
in  advancing  the  understanding  of  CrosA  superpara- 
electric  theory  suggests  a  microdipole-dipole  coopera¬ 
tive  interaction  between  superparaelectric  regions  which 
enhances  K  and  accounts  for  the  dispersive  response. 
This  interactive,  or  coherence,  length  maximizes  near 
Tm  on  the  order  of  10-20  nm.  Schematically  shown  in 
Fig.  S(b).  coupling  between  microregions  (superpara- 
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electric  potentiiis)  would  be  peituibed  at  grain  bound¬ 
aries  or  partkk  surfaces,  rciultiiit  in  essentially  a  low 
polarizable  r^kn.  Naturally,  as  the  scale  of  a  PMN 
partkk  or  grain  approaches  tb«  interactko  kngth,  little 
volume  or  core  of  dielectrically  active  polar  micro- 
regions  would  exist. 

In  terms  of  dielectric  analysis,  the  series  model 
given  in  Eq.  (4),  where  R  is  now  the  ratio  of  grain  size 
to  the  noninteracting  “shell”  region  and  replaced 
with  /Tsmi.  again  can  be  applied.  Inserting  values  of 
^sMi  of  -300  and  using  an  inactive  shell  region  on  the 
order  of  15  nm,  the  dielectric  constant  of  PMN  (poly- 
crystalline  and/or  panicle)  was  determined  as  a  func¬ 
tion  of  size.  The  /fsMi  value  of  —300  was  selected,  being 
on  the  order  of  an  incipient  ferroelectric  and  as  the 
value  found  for  PMN  at  cryogenic  temperatures  (-1  K) 
where  domain  (micro  and  macro)  effects  would  be 
frozen  out.“ 

The  calculated  values  as  a  function  of  grain  and/or 
panicle  size  are  again  equivalent  to  those  determined 
for  the  series  model  shown  in  Fig.  3,  being  bent  down¬ 
ward  (below  —0.1  tim)  if  one  assumes  the  grain  size,  in 
actuality,  consists  only  of  the  “core”  resulting  in  a  closer 
fit  to  the  experimental  values. 

In  addition  to  the  series  model,  dielectric  values 
of  PMN  as  a  function  of  grain  and/or  panicle  size 
were  determined  based  on  Lichtenecker^  logarithmic 
mixing  rule  given  in  Eq.  (3)  and  now  in  the  following 
expression: 

Ln  KfHn  *  I'swi  Lo  ifsMU  +  Ln  Rcm  (5) 

where  P$mi  and  Ks^u  and  Vcan  and  Kcan  are  the  volume 
and  dielectric  constants  of  the  inactive  “shell”  and  core 
regions,  respectively.  Insening  values  of  Kccn  of  20000, 
the  single  crystal  Kumi  value  of  PMN,  and  a  Xsmi  of 
-300  as  above,  the  dielectric  constant  of  PMN  as  a 
function  of  scak  was  calculated  and  represented  by  the 
log  model  in  Fig.  3,  showing  excellent  agreement  to  the 
experimentally  found  data.  The  logarithmic  model’s 
more  realistic  agreement  may  be  related  to  the  rela¬ 
tively  large  volume  of  the  “shell”  region  and  less  dispar¬ 
ity  between  the  levels  of  K  for  the  core  and  shell 
regions,  both  criteria  for  the  series  modd. 

As  presented  above,  the  intrinsic-microdomain 
perturbation  concept,  in  general,  can  be  used  to  inter¬ 
pret  observed  microstructural  dependencies  in  PMN, 
including  the  scale  of  particles  themselves. 

Variations  in  the  transition  temperature  Tmu  with 
scale  can  also  be  explained  based  on  the  above  con¬ 
cept.  For  small  grains  and/or  particles,  the  thermally 
active  larger  micropolar  regions  (volumes)  are  preferen¬ 
tially  “locked-in.”  The  larger  regions  are  associated 
with  the  lower  frequencies;  hence,  statistically  more 
higher  frequency  regions  (smalkr  volume)  are  thermally 
active  at  a  given  temperature  and  contribute  to  the 


dielectric  polarizability.  In  effect,  the  Curie  maxima 
appear  to  shift  upw^  toward  the  high  frequency 
realm;  or  in  other  words,  7.  increases.  This  behavior  is 
further  shown  in  Fig.  4(b),  where  the  dkkctrk  loss  and 
kvel  of  frequency  dispersioo  is  greatly  reduced  for  the 
fine  grain  samples.  Additional  variatkms  in  the  dielec¬ 
tric  behavior  presented  in  TaUe  II  and  shown  in  Fig.  6 
appear  to  be  process  related.  Both  the  kvel  of  Kmu  and 
associated  T.  appear  to  be  a  function  of  the  calcination 
and  milling  conditions  along  with  the  sintering  tempera¬ 
ture.  Such  effects  may  be  associated  with  defects  intro¬ 
duced  during  milling  or  less  developed  crystallinity 
(lower  processing  temperatures)  which  may  further  per¬ 
turb  the  shell  region  and  its  interaction  with  the  core. 
The  increased  dielectric  constant  as  a  result  of  thermal 
annealing  may  effectively  enhance  the  polarizability  of 
the  shell  region  through  the  elimination  of  defects.  On 
a  more  intrinsic  nature,  process  conditions  may  result 
in  variations  (size  and  distribution)  of  the  nonstoichio- 
metric  ordered  regimis  of  Mg:Nb  which  are  believed  to 
localize  the  superparaelectric  regions  and  hence  the 
underlying  relaxor  behavior,  as  reported  by  Randall 
et  al.'  Defects  and  lower  thermal  processes  would  tend 
to  enhance  the  nonstoichiometric  ordering,  increasing 
the  diffuseness  of  the  dielectric  behavior,  as  was  ob¬ 
served.  Observation  of  the  diffuseness  change  by  TEM 
or  any  other  characterization  technique  would  be  quite 
complex  and  could  be  a  separate  study. 

iV.  CONCLUSION 

The  dielectric  properties  of  the  relaxor  Fb(Mgin- 
Nbj/jlO}  were  found  to  be  dependent  on  the  grain 
and/or  particle  size  and  secondarily  on  the  overall  pro¬ 
cess  conditions  (calcine  and  sintering  conditions).  The 
grain/partick  dependency  revealed  that  the  dielectric 
constant  K  decreased,  being  kss  dispenive  with  de¬ 
creasing  scak,  particularly  as  the  size  of  the  dielectric 
approached  the  underlying  scak  associated  with  relaxor 
ferroelectric  behavior. 

In  addition  to  the  observed  K  dependency,  tlw  tem¬ 
perature  Tun  increased  with  decreasing  grain  size.  An 
intrinsic-microdomain  perturbatioo  concept  was  pro¬ 
posed  to  interpret  the  observed  scaling  and  process  re¬ 
lated  effects.  In  contrast  to  previous  low  polarizable 
grain  boundary  models,  this  model  produced  a  better  fit 
to  the  small  grain/partick  data. 
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THERMAL  DEGRADATION  OF  RELAXOR-UASED 
PIEZOELECTRIC  CERAMICS 


J.  T.  Fiekliii|,  Jr.,  S.  J.  J«ng,  T.  R.  Shroot, 
Mrtenalt  Resevch  Laboruoiy 
The  PemylveniaSute  Univenity 
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Abalract 

The  ihennal  degradation  of  dielectric  and  piezoelectric  propertiea  waa 
investigated  for  relaxor  ferroelectric  compositions  in  the  (I- 
x)Pb(Mgt/3Nb2/3)03-(x)PbTiO3  family  near  the  motphotropic 
phase  boundary.  Degradation  of  the  radial  coupling  factor 
piezoelectric  charge  coefTicieni  d33.  and  mechanical  qualhy  factor  Qb 
were  observed  to  be  less  than  expected  ba.sed  on  temperature 
dependence  of  the  polarization.  It  was  suggested  that  the  micropolar 
nature  of  the  polanzaiion  allows  restoration  of  piezoelectric  properties 
after  thermal  exposures. 

Inlruductiun 

Ferroelectric  ceramics  are  utilized  extensively  in  transducer 
applications.  Presently,  the  lead  zirconaie  titanate  (PZT)  family  of 
ceramics  are  the  most  widely  used  owing  to  their  excellent  dielectric 
and  piezoelectric  properties  at  the  morphotropic  phase  boundary 
(MPB)  The  anomalously  large  properties  can  be  explained  by  the 
coexistence  of  tetragonal  and  rhombohedral  phases,  allowing 
increased  domain  reorienubility  and  easier  polarization.(l  | 

Excellent  piezoelectric  and  dielectric  properties  are  found  in  the 
relaxor  ferroelectric  based  systems,  such  as.(l-x)Pb<Mg,/3Nb2/3)0]- 
PbTiOjlxHPMN-PT).  (l  x)Pb(2n,^Nbjfl)03-(x)PbTiO,lPZN-PT). 
(l-x)P^Ni,^Nby,)0,-Pb(Zr.Ti)Oj  (PNN-PZT),  which  also  exhibit 
morphotropic  phsM  boundaries. [2]  The  large  dielectric  properties 
and  broad  transition  of  complex  perovskiles  with  the  general  formula 
Pb<B|B2)03  were  reported  by  Smolenskii  in  1938.(3]  These  relaxor 
ferroelectric  materials  exhibit  a  broad  phase  transition  and  frequency 
dispersion  of  the  maximum  perminiviry  and  dissipation  factor.  The 
development  of  phenomenological  theoty  for  relaxor  ferroelectrica 
has  hem  presented  by  Cross  and  otheta.(4] 

Curiously,  relaxor  MPB  transitions  from  ferroelectric  to  paraelectric 
occur  in  the  nanow  temperature  range  I30-I80*C,  considerably 
lower  than  those  found  for  PZT  based  piezoelectrics.  The  lower  Tc 
and  hence  nanower  temperature  usage  range  of  relaxor  based 
piezoelectrics  is  further  complicated  owing  to  their  macro-micro 
d^larization  behavior  below  Tnw,  which  is  not  observed  in  normal 
piezoelectrics.  It  was  believed  that  the  effect  of  theimal  degradation 
on  this  depolarization  mechanism  rruy  limit  the  osefuiness  of  relaxor 
based  piezoelectrics  in  transducer  apptkaiiona. 

Of  interest  for  this  work  is  the  solid  solution  system  (I- 
x)Pb<Mg,^Nb2^)0]-(x)PbTiO,.  The  end  member  PMN  is  a  relaxor 
ferroelectric,  exhibitity  a  large  dielectric  consant  and  broad  tiwsiiion 
near  -IS  *C.  PbTiO,  is  a  nonnal  ferrodectiic  with  a  tianaition  at  490 
*C.  Choi  et  al.  found  the  maximum  pieeoelectiic  propertiea  in  the 
PMN-PT  system  occur  at  the  compositions  with  x>0.30^.323  mole 
%  PbTiO,  .|3|  The  PMN-PT  phm  diagram  in  the  MPB  region  is 
shown  in  figure  I.  Curvature  of  the  MPB  is  observed  with  a 
proposed  rhombohedral  to  tetragonal  transition  occurring  at  lower  PT 
contents.  This  effectively  lowers  the  Tc  and  maximum  device 
operating  temperatures  to  depolarization. 

The  loss  of  polarization,  measured  using  pyroelectric  measurement 
techniques,  is  useful  in  determining  the  critical  temperature  for 
thermal  depolarization  Evaluating  the  dicontinuity  in  the  behavior  of 
the  pyroelectric  coefficient  p  (padPAff.  where  P  is  polarization  and  T 
is  temperature)  and  polarization,  transition  temperatures  can  be 
determined.  Td  is  designated  the  depolarization  temperature,  where 
the  spontaneous  polanzaiion  vwushea. 

The  objective  of  this  work  was  to  examine  the  effea  of  exposure  to 


elevated  temperatures  on  dielectric  and  piezoelectric  propetties  near 
the  MPB  and  to  discuss  the  mechanisms  of  thermal  ^gradation 
involved  as  compared  to  nonnal  feiroelectric  materials,  such  as  found 
fai  the  lead  zirconaie  system,  which  are  nominally  rated  at  1/2  Tc  for 
thermal  usage. 


Figure  1 .  The  phase  diagram  tor  the  morphotropic  phase  boundary 
region  tor  (l-x)Pb(Mg,^Nb2/3)0)-(x)PbTiO,  PMNsolid  solution 
system.  Alter  Choi  et  al.(5) 

EiBcrimtiilaJ 

Sample  Preparation 

The  (l-x)Pb(Mg,^Nbj^)Oj-(x)PbTiO,  compositions  near  the  MPB 
with  X  a  0.28,  0.315,  0.363,  and  0.4  were  processed  using  the 
columbhe  precursor  method  described  by  Swartz  and  Shroui|6j  with 
reagent  grade  raw  materials.  Rhombohedral  compositions  with 
xa0.28,0.31S  are  desi^ated  R-l  and  R-2,  respectively.  Tetregonal 
compositions  exhibitiing  non-reltxor  or  normal  behavior  wiith 
X34).363,  0.4  are  designate  T-1  and  T-2. 

Starting  materials  were  mixed  md  vibratory  milled  using  deionized 
water  and  poiyelectrolyte  dispenani  for  18  hours.  After  drying,  the 
mixture  wis  calcined  at  1 100  ®C  for  4  hours  to  ensure  columbite 
formation  and  phase  purity.  The  coliimbite  phase  wts  fotmed  in  the 
reaction:  ((l-x)/3XMg04-Nb20sVKx)Ti02  =»  (Mg|.xNb2.x.TU)04 
Structure  was  confumed  by  XRD  analysis.  Prior  to  reaction  with 
PbO,  the  calcined  powder  was  pulverized  using  a  hammermill 
through  a  0.3  mm  screen  to  break  up  aggregates.  PhCO,  was 
added  and  then  vibratory  milled  for  18  hours.  After  drying,  the 
mixture  was  calcined  al  800  ’C  for  4  hours.  Information  on 
structure  and  pyrochlore  content  was  deieimined  using  XRD.  The 
calculated  pyrochlore  content  was  less  than  2%.  The  calcined 
material  was  then  vibratory  milled  for  18  hours  and  dried.  Acrylic 
binder  was  added  to  provide  mechanical  strength  in  the  pressing 
operation. 

Disks  of  16  mm  diameter  were  uniaxialJy  pressed  using  a  steel  die  at 
a  pressure  of  70  MPa.  Biixler  burnout  was  accomplished  using  a 
healing  rate  of  2  ®C/min.  to  300  ®C.  Discs  were  sintered  using 
closed  high  density  alumina  cnicibles  at  1 230  °C  for  4  hours.  A  PhO 
source  material  comprised  of  PbZr03  wa^  used  to  maintain  PbO 


!iioichiOfnetry  in  the  discs  during  sintering.  Fifed  discs  were  Upped 
to  0.9  mm  thickness  and  Au  electrt^s  were  applied  using 
sputtering. 

A  commercial  'soft”  piezoelectric  composition  (UPI-30IA. 
Ultnsonic  Powders,  Inc.)  srWi  wrell  charaderisad  properties  was 
used  for  comparison.  Disks  were  ptqtared  using  santtar  techniques 
as  above. 


Electrical  Measurements 

Dielectric  properties  were  measured  using  a  mullifrequetKy  LCR 
metert  (Model  4274A,  Hewlett  Packard  Co.).  Values  for  the 

transition  temperature  T _ and  peak  dielectric  constant  were 

detettnitted  using  an  automated  measuretnent  system  consisting  of  a 
environmental  chamber,  interface  and  computer.  The  dielectric 
constant  and  dissipation  factor  were  measured  at  a  heating  rate  of  4 
°C/min.  at  frequencies  between  0.1  and  100  RHz. 


Results  and  Discussion 

Pyroelectric  coefTicients  and  polarizsiion  hehcvior  of  the  various 
materials  are  shown  is  in  ngure  2.  Maximum  pyroelectric 
coefflcienis  were  obtained  at  133  *C  and  139  *C  for  rtiombohedral 
compositions  R-l  attd  R-2;  aitd  199  ^  and  179  *C  for  tetragonal 
compositioiis  T>1  and  T-2.  Polarization  decieasea  continuously  upon 
heating  above  room  temperature.  For  rtiombohedral  compositions  a 
diacosMinuoos  change  is  observed  at  the  rhombohedral  to  tetragonal 
transition,  spproximately  90  *C,  representing  a  23  and  40%  loss  of 
polarization  for  composiians  R-l  and  R-2.  icqwcsivcly. 

Initial  values  of  dielectric  proper^,  oKluding  unpoled  and  poled 
dielectric  constant  and  dissipation  factor,  of  the  compositions 
evaluated  are  listed  in  Table  1.  The  transition  temperatures  for 
dielectric  and  pyroelectric  measurements  are  also  listed.  The  values 
of  Tmax  snd  Tj  found  are  close  together.  Initial  room  temperature 
values  of  dyy,  kp.  Qn-  Np.  Y 1 1 md  o  ate  listed  in  Table  □. 


The  static  Byer-Roundy  technique  for  pyroelectric  measurements  was 
used  to  determine  the  pyroelectric  coefficient,  spontaneous 
polarization  and  depoling  temperature.  T^.  A  heating  rate  of  2 
°C/min.  was  used.  Sample  polarization  was  performed  by  applying  a 
d.c.  field  of  20  kV/cm  while  cooling  from  above  thie  transition 
temperature  to  -50  °C. 

Resonant  frequency  measurements  were  made  using  a  network 
analyzer  (Model  .1577A,  Hewlett  Packard  Co.)  configured  for 
reflection  Appropriate  standards  were  used  in  the  calculation  of 
radial  coupling  factor  k^  and  mechanical  quality  factor.  Q_.(7]  The 
piezoelectric  charge  coefficient,  d33,  was  measured  using  a 
Berlincourt  d33  riKter  (Model  CP  3300,  CharuKl  Products.  Chagrin 
Falls,  OH).  The  elastic  compliance  si  IE  and  poisson  ratio  a  were 
calculated  according  to  the  method  described  by  Bogdanov. (8| 

To  determine  the  minimal  thermal  exposure  time  required  to 
stimulate  reproducible  degradation  of  properties,  the  time  dependence 
of  thermal  degradation  mechanistiu  was  also  examined.  From  the 
pyroelectric  data  it  was  observed  that  40-30%  of  the  polarization  is 
lost  at  temperatures  approximately  75%  of  Td-  For  rhombohedral 
compositons  this  temf^raiure  is  in  the  region  between  the  two 
pyroelectric  peaks.  Samples  were  held  at  temperatutes  approximateiy 
73%  of  their  respective  Tmix  for  periods  of  0.3,  2,  6,  12,  and  24 
hours  under  short  circuit  conditions.  The  dielectric  and  related 
properties  were  measured  48  hours  after  removal  from  the  test 
chamber. 


Prior  to  thermal  exposure,  measurements  were  made  48  hours  after 
poling  to  allow  for  aging  that  might  normally  occur.  Dielectric 
constant,  dissipation  factor,  d,,.  piezoelectric  coupling  factor  k^  were 
measured.  Disks  were  thermally  degraded  under  short  circuit 
conditions  in  a  temperature  chamber  using  exposure  times  of  30 
minutes  and  temperatures  between  room  temperature  and  T„„. 
Dielectric  and  related  properties  were  measured  24  and  48  hours  after 
removal  from  the  test  chamber  to  determine  the  level  of  thermal 
degtadatioa 
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Figure  2  The  pyroelectric  coefficient  and  polarization  data  lor 
'hombohedral  compositions  R.i,  r.2  (x.  o.28.  0.315)  snd 

tetragonal  compositions  T  i.  T.2  (i.  0  4,  0  365). 


Table  1.  Dielectric  Properties  of  Compostions  Evaluated 


Composition 

X 

K 

D 

Rmax 

Tmax 

(OC) 

Td 

(”C) 

R-l 

0.28 

1800 

0018 

33000 

139 

129.0 

(2500)* 

(0.027) 

(33600) 

(139  7) 

R-2 

0.315 

2650 

0.015 

43000 

144 

141.3 

(2830) 

(0030) 

(43200) 

(142.8) 

T-1 

040 

2200 

0.011 

29000 

202 

197.7 

(2000) 

(0.014) 

(30000) 

(198.9) 

T-2 

0365 

3770 

0.01 1 

28500 

180 

174.8 

(2800) 

(0.016) 

(30200) 

(176.5) 

PZr-5A 

1720 

0.019 

1380 

0.023 

'Unpoled  vitoes  in  paietataeset. 


Table  U.  Piezoelectric  and  Elastic  Piopetties  of  Compositions 
Evaluated 


Composition 

X 

<133 

(pC/N) 

‘‘P 

Qm 

Np  YiiE  o 

(Hzm)(xl0*^/m2) 

R-l 

0.28 

395 

0.58 

120 

2140 

7.34 

0.30 

R-2 

0.315 

630 

0.64 

92 

1990 

7.38 

0.23 

T-1 

0.40 

318 

0.45 

95 

2320 

8.29 

0.325 

T-2 

0.365 

528 

0.57 

94 

2130 

6.75 

0.34 

PCT-5A 

445 

0.65 

78 

2020 

6.26 

0.32 

The  degradation  of  dielectric  and  piezoelectric  properties  with  time 
indicated  that  maximum  service  temperature  was  more  important 
than  the  time  at  temperatuie.  The  degradation  of  properties  was  only 
tTKiderately  sensitive  to  exposure  time.  The  degradation  of  K,  kp 
and  dyy  for  times  between  0.3  and  24  hours  was  examined.  Ihe 
rhombohedral  compositions  exhibited  a  greater  degradation  of 
properties  than  the  tetragonal  om. 

The  effect  of  of  thermal  degradation  at  different  temperatures  on  the 
dielectric  constant  is  shown  in  Figure  3.  Rhombohedral  compositions 
show  a  large  increase  in  K  up  to  temperatures  near  the  transition 
temperature,  then  a  decrease.  The  PZT  composition  shows  an 
increase  in  K  and  then  a  decrease  above  73%  Tc.  similar  to  the 
behavior  exhibited  by  compostion  R- 1 .  The  observed  iiKrease  in  K 
is  probably  due  to  an  extrinsic  contribution.  Tetragonal  compositons 
show  a  minimal  degradation  up  to  temperatures  near  Tc.  Examining 
the  percent  change  in  K  as  a  function  of  transition  lemperaiurr. 
shown  in  Figure  3b.  the  tetragonal  compositons  exhibit  minimal 
temperatuie  degradation  nearly  up  to  Tc- 

The  effect  of  temperature  on  radial  coupling  factor  kp  is  shown  in 


20 


figure  4  The  coupling  factor  vanishes  at  the  depoling  temperature 
T^.  At  temperatures  below  Td.  the  degradation  of  the  coupling  factor 
is  less  than  eapected  for  the  loss  in  polarizaiion  observed  in  the 
pyroelectric  data.  The  degradation  as  a  function  of  transition 
temperature,  shown  in  Figure  4b,  shows  that  the  riwmbohedral 
composition  R-1  and  P2T  exhibit  pronosmcad  degradation  at 
temperatures  beyond  80%  Tf.  This  also  ideates  a  exuinak 
conoibution  to  the  poiariiation. 

The  thennai  degradation  of  the  piezoelectric  charge  coefficient  d33  is 
observed  in  figure  3.  Again  the  degradation  is  ie«  than  expected  for 
the  loss  in  polarization  observed  in  the  p3noelectric  itins.  When  the 
change  in  d33  is  evaluated  as  a  forttion  of  trartshion  temperature,  as 
shown  in  Hgure  3b,  degratdation  becomes  significant  at  temperatures 
above  80%  Tc  for  composition  R-2  and  PZT. 
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%  TRANSITION  TEMPERATURE 


Figure  3.  Tbe  %  change  in  dielectric  coafiaot  for 
rbombohedral  composiliooa  R-l.  R*2  and  leiragooal 
cofDposiiioos  T-t.  T-i;  a)  as  a  fuoclioo  of  temperaure  ;  b)  as 
a  ^onctioa  of  %  iransiiioa  temperaiure. 


The  effect  of  temperature  on  the  mechanictl  quality  factor  Qm 
shown  in  figure  6.  The  tetragonal  composliofis  exhibit  increasing 
Qnt  with  temperature  up  to  nearly  T^.  and  then  a  large  inctease.  The 
rhombohedral  compositons  exhibit  a  rapidly  decreasing  Qm  above  75 
'XT.  TTic  Qm  for  PZT  remains  insensitive  to  temperature  up  to  nearly 
Tc-  Calculations  of  elastic  constants  showed  that  Yn®  increased 
slightly  (3%)  at  the  transition  temperature.  The  elastic  constants  for 
the  tetragonal  compositions  were  relatively  inacmittve  to  temperature. 


Figure  4.  Tbe  %  change  in  radial  coupling  facior  kp  for 
rhombohedral  compositions  R-l.  R‘2  and  tetragonal 
compositions  T-l.  T-2:  a)  as  a  function  of  temperature  ;  b)  as 
a  function  of  %  transition  temperature. 


%  TRANSITION  TEMPERATURE 


Figure  5.  The  %  change  in  d}}  piezoelectric  charge 
coefficient  for  rhombohedral  compositions  R<1.  R-2  and 
tetragonal  coinposiiioos  T-l.  T-2:  a)  as  a  function  of 
icmpcralure  ;  b)  as  a  function  of  %  transition  temperature 


Figure  6.  Tbe  %  cbioge  in  mecbiaical  quilily  faccor.  Qn , 
for  rbombobedral  compoailioos  R-l,  R*2  and  lelragonal 
composiiiona  T-l,  T-2:  a)  aj  a  function  of  temperature  ;  b)  aa 
a  function  of  %  iranaition  lempcratare. 


The  effect  of  tempertnixe  on  rndia]  frequency  constant  Np  is  shewn 
in  Figure  7.  The  frequency  is  constant  is  relatively  insensitive  to 
temperature  up  to  temperatures  near  the  transition  for  tetragonal 
compostions  and  thombohedral  compositon  R-l.  The  relative 
insensitivity  of  Np  as  a  function  of  transition  temperature  is  shown 
in  figure  7b.  The  PZT  commercial  composition  exhibits  a  greater 
temperature  dependence  than  the  relaxor-based  PMN  MPB 
compositions. 

The  degradation  of  piezoelectric  properties  in  the  relaxor 
ferroelectrics  was  less  than  expected  from  an  examination  of  the 
polarization  behavior  alone.  At  temperatures  below  the  ^poling 
temperanire,  Tj,  the  properties  are  newly  restored  after  equilibrating 
at  room  temperature.  This  may  be  due  to  the  polarization 
mechanisms  associated  with  the  relaxor  materials.  The  macropoiar 
regions  measured  at  room  temperature  become  smaller  aid  urtcoupled 
in  an  nonpolar  matrix  at  elevated  temperatures.  This  would  agree 
with  the  pyroelectric  data.  But  at  exposure  temper itu res  below  Tq, 
upon  cooling  the  mictopolar  regions  are  still  aligned  and  coalesce  to 
reform  macropoiar  regions,  exhibiting  only  a  small  degradation  in 
piezoelectric  propertiea. 


Figure  7.  Tbe  %  ebaoge  iu  radial  frequency  constant  Np 
for  rbombobedral  compositions  R-l.  R-2  and  lelragonal 
compositions  T-l,  T-2:  a)  as  a  function  of  temperature  ;  b)  as 
a  function  of  %  transition  temperature. 


.Summary 

Due  to  the  difference  in  polarization  arrangements  in  normal  and 
relaxor  based  piezoelectrics,  it  was  desired  to  establish  the 
temperature  dependence  of  critical  piezolectrc  properties.  Using  this 
data  operating  temperature  ranges  can  be  established.  The  transition 
temperatures  are  considerably  lower  thant  those  found  in  PZT  based 
piezoelectrics,  but  the  degree  of  degradation  as  a  function  of 
transition  temperature  is  similar.  The  thermal  degradation  of 
piezoelectric  and  dielearic  propenies  was  investigated  for  four 
compositions  near  the  morphotropic  phase  boundary  in  the  (I- 
x)Pb(Mg„3Nbj^)0,-(x)PbTiOj complex  perovskite  system.  A 
commercial  PZT  based  piezoelectric  was  used  to  contrast  the 
degradation  in  propenies.  The  effect  of  temperature  on  dielectric 
constant  is  negligible  for  tetragonal  compositions.  For  thombohedral 
compositions,  there  is  a  large  increase  up  to  approximately  7S%  of 
Tc  and  then  K  decreases.  The  radial  coupling  factor  and  d33 
piezoelectric  charge  coefTicient  are  insensitive  to  temperanire  up  to 
9^  of  Tc.  Above  this  temperature  there  is  a  rapid  loss  Fuiishing  in 
complete  depolarization  at  Tq. 


Rclcfcncea 

1.  B.  Jaffe,  W.R.  Cook.  H.  Jaffe.  Piezoelectric  Ceramics.  Ch  7 
New  York  Academic  Press  1971. 

2.  S.T.  Chung,  K.  Nagata  and  H.  lgarishi,"Piezoelectric  and 
Dielectric  Propenies  of  PNN-P^-PZ-PT  System  Ceramics," 
Ferroelectrics.  94,  243-247,  1989. 

3. 0>V.  Smolenskii  and  A.I.  Agrarwvuskaya,  ’Dielectric 
Polarization  of  a  Number  of  Complex  CompotMids’,  Soviet 
Physics-Solid  State  1. 1429-1437  (1959). 

4.  L.E.  Cross,  "Relaxor  Ferroelectrics,"  Fetroelecuics.  76.  241-267 
(1987). 

5.  S.W.  Choi.  T.R.  Shrout.  S.J.  Jang  and  A.S.  Bhalla.  "Dielectric 
and  Pyroelectric  Propenies  of  PMN-PT  Solid  Solution", 
Ferroelectrics.  I00,pp229.  1990. 

6.  S.L.  Swanz  and  T.R.  Shrout,  "Fabrication  Of  Perovskite  Lead 
Magnesium  Niobate",  Materials  Research  Bulletin,  12,  1 245 
(1982) 

7.  IRE  Standards  on  Piezoelectric  Crystals:  Measurement  of 
Piezoelectric  Ceramics,  61  IRE14.SI  Proceed.  IRE  49  1161-69 
(1961) 

8.  S.V.  Bogdanov  and  A  M.  Tiinonin,  "On  a  Method  of  Calculating 
Piezomoduli  from  the  Radial  Vibrations  of  a  Disk".  Izv.Akad, 
Nauk  .S.S.SR  Tom  21  (3)  p  397  1957  (in  Russian) 


RELAXOR  BASED  FINE  GRAIN  PIEZOELECTRIC  MATERIALS 


N.  Kim,  S.  J.  Jang,  and  T.  R.  Shrout 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University 

AbsliasI 


The  dielectric  and  piezoelectric  properties  of 
polycr>’stalline  ceramics  of  relaxor  ferroelectric  lead 
magnesium  niobate-lead  titanate  modified  with  La203, 
( l-x)(Pbo.985Lao,oiDo  005*  Mgi/3Nb2/3)-(x)PbTi03,  have 
been  investigated  The  compositional  range  of  0.2  <  x  < 
0.4,  being  near  the  morphotropic  phase  boundary,  was 
characterized. 

Lanthanum  doping  resulted  in  reduction  of  grain 
size,  enhanced  density,  and  shifted  the  dielectric 
maximum  temperature  downwardly.  The  final 
microstructures  of  all  compositions  were  fine  (<  1pm) 
unth  uniform  grain  size  distributions.  Room 
temperature  dielectric  constants  Ks  of  5,000  and 
piezoelectric  constants  d33(s)  of  500  pC/N  were  found  for 
compositions  near  the  morphotropic  phase  boundary 
(X  =  0.33). 

Based  on  this  investigation,  La  doped  PMN-PT 
compositions  appear  to  be  promising  candidate 
materials  for  high  dielectric  constant  fine-grained 
piezoelectric  applications. 

Introduction 

Perovskite  lead  magnesium  niobate 
Pb(Mgy3Nb2/3)03,  hereafter  abbreviated  PMN,  belongs  to 
a  class  of  ferroelectric  materials  which  exhibit  a  diffuse 
phase  transition  known  as  relaxor  ferroelectricsL  The 
dielectric  behavior  of  these  materials  have  been  widely 
investigated  in  both  single  crystal  and  polycrystalline 
ceramic  forms  since  first  synthesized  by  Soviet  workers 
in  the  late  1950's. 

PMN  forms  a  solid  solution  with  the  normal 
ferroelectric  PbTiOs  (PT)  (Curie  temperature,  Tc  -  490 
°C),  allowing  its  transition  to  be  raised  to  near  room 
temperature  with  only  small  amounts  of  PT  (<  10  mole 
%).  Within  the  PMN-PT  solid  solution  series,  there 
exists  a  morphotropic  phase  boundary  (MPB)  near  33 
mole  %  PT,  separating  rhombohedral  and  tetragonal 
phases^.  In  single  crystals  as  well  as  the  polycrystalline 
materials,  compositions  near  the  MPB  exhibit  unusually 
large  dielectric  and  piezoelectric  properties,  similar  to 
those  observed  in  other  lead  based  ferroelectrics  such  as 
Pb(Zr,Tii.x)03  (PZT)  and  relaxor-PbTi03  systems,  e.g., 
Pb(Niyf3Nb2/3)03-PbTi03 (PNN-PT)  and  Pb(Zni;3Nb2/3)03- 
PbTi03  (PZN-PT).  It  is  interesting  to  note  that  all 
relaxor-PT  MPB  compositions  have  Tmax’s  in  the  range 
of  150  °C  -  180  °C,  giving  rise  to  a  question  of  the 
underlying  mechanism  which  is  not  fully  understood  at 
this  time. 

In  recent  years,  device  technology  has  being 
greatly  developed  for  various  applications  and  the  scale 
of  such  devices  including  multilayer  capacitors, 
eleetrostrictors,  and  piezoelectric  transducers  are 
getting  smaller.  Thus,  fine  grain  size  (<  1  pm)  materials 
with  high  dielectric  constant  and  piezoelectric  activity 
are  desired. 

In  conventional  PZT  piezo-materials,  smaller 
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grains  tend  to  clamp  out  extrinsic  concributi  ns  s  .ch  as 
domain  wall  motion.  Microstructural  dependency  on  the 
properties  is  not  expected  in  PMN-based  ceramics  since 
the  underlying  phenomena  associated  with  relaxor 
ferroelectric  behavior  is  on  the  order  of  -  10  nm^. 
Observed  grain  size  effects  in  relaxor  materials  have 
been  attributed  to  a  low  dielectric  constant  grain 
boundary  phases  which  dilute  the  properties,  however, 
can  be  annealed  out. 

In  previous  work^-  5,  La  additions  to  PMN  and  its 
solid  solution  were  shown  to  promote  densification  while 
inhibiting  grain  growth  and  reducing  the  level  of  PbO 
volatility,  similar  to  that  found  in  La-doped  lead  zirconia 
titanate  ceramics.  Also,  through  hot  isostatic  pressing, 
optically  transparent  materials  have  been  achieved, 
allowing  the  determination  of  various  optic  and  elefftro- 
optic  properties.  This  purpose  of  woi'k  was  to  use  La  to 
inhibit  grain  growth  of  MPB  compositions  for  fine  gram 
size  piezoelectric  materials. 

Experimental  Procedure 

Several  compositions  of  lead  magnesium  niobate- 
lead  titanate  solid  solution  were  selected  across  PMN-PT 
morphotropic  phase  boundary.  Polycrystalline  ceramic 
samples  were  prepared  by  solid  state  reaction  using  the 
columbite  method  described  in  previous  referrence'*.  In 
this  work,  a  small  amount  (1  mole  %)  of  La  was  found  to 
inhibit  grain  growth.  Since  it  lowers  Tmax  “25  °C/mole 
%,  we  desired  the  minimal  amount  of  La  so  as  to 
broaden  out  working  temperature  range.  To  obtain  a 
fine  powder  size,  the  calcined  materials  were  vibratory 
milled.  The  milled  particle  size  was  0.5  pm  with  a 
surface  area  1.6  m^/g. 

Discs  were  prepared  using  polyvinyl  alcohol 
(PVA)  binder  followed  by  burnout  prior  to  sintering. 
Pellets  of  16  mm  in  diameter  and  2-3  mm  thick  were 
pressed  at  10  MPa.  The  binder  was  burned  out  by  a  slow 

Table  1.  Physical  Properties  of  La-doped  PMN-PT 

ceramics 


Composition 
PMN-PT 
<X  Y) 

Firing 

(®C/hour) 

Density 

(g/cm3) 

Theoretical 

density 

1  e/cm3) 

Gram  size 

( 1  m  ) 

100:0 

1100/4 

7.80 

8.15 

2.0 

1200/4 

7.82 

3  2 

93:07 

1100/4 

7.78 

8.15 

12 

1200/4 

7.81 

2.4 

80:20 

1100/4 

7.78 

8.14 

0.7 

1200/4 

7.81 

16 

75:25 

1 100/4 

7.82 

8.13 

0.7 

1200/4 

7.84 

1.5 

70:30 

1 100/4 

7.78 

8.12 

0  7 

1200/4 

7.81 

1.7 

65:35 

1100/4 

7.76 

8.10 

0  7 

1200/4 

7  82 

■ 

18 

60:40 

1100/4 

7.80 

8.09 

0  6 

1200/4 

7.85 

1.5 

heating  process  at  350  ®C  for  180  minutes  and  then  600 
'’C  for  180  minutes.  Samples  were  placed  on  platinum 
foil  in  closed  alumina  crucibles  and  sintered  at 
temperatures  of  1100  °C  and  1200  °C  for  4  hours.  The 
desired  PbO  rich  atmosphere  was  maintained  by  placing 
small  amounts  of  an  equimolar  powder  mixture  of  PbO 
and  Zr02  in  a  small  platinum  boat.  A  heating  rate  of  900 
°C/i  hour  was  used  to  further  help  prevent  the  loss  of 
PbO 

Weight  loss,  geometrical  density  and  grain  size 
were  determined  for  all  the  various  compositions  and 
finngs.  Powder  X-ray  diffraction  (XRD)  patterns  of 
calcined  and  sintered  powders  were  analysed  for  the 
presence  of  pyrochlore.  The  grain  sizes  were 
determined  using  the  line  intercept  method  on  fractured 
or  polistied  surfaces  monitored  by  SEM.  The  observed 
grain  sizes  were  similar  from  both  fractured  and 
polished  surfaces  as  found  in  La-doped  PZT  ceramics. 

In  preparation  for  dielectric  and  piezoelectric 
measurements,  samples  were  ground  and  electroded 
with  sputtered  goled.  An  air  dry  silver  paste  was  also 
applied  to  the  goled  sputtered  surface  to  insure  good 
electrical  contact.  The  dielectric  measurements  were 
carried  out  with  an  automated  system  consisting  of  a 
temperature  control  box  and  LCR  meter.  Dielectric 
constant  and  dissipation  factor  were  measured  pseudo- 
continuously  at  various  frequencies  as  the  samples  were 
heated  from  -50  °C  to  200  °C  at  a  rate  of  2  to  4  degrees  per 
minutes. 

In  the  case  of  piezoelectric  measurements, 
optimum  poling  was  performed  on  selected  samples  by 
cooling  from  above  the  transition  temperature  in  a 
stirred  oil  bath  to  room  temperature  in  air  with  an 
applied  electric  field  of  30  kV/cm.  The  piezoelectric  d33 
coefficients  were  measured  on  disk  samples  using  a 
Berlincourt  d33  meter.  The  planar  coupling  factor,  kp, 
mechanical  quality  factor,  Qnii  and  frequency  constant, 
Np,  were  calculated  using  a  resonance  method  which  is 
based  on  the  IEEE  standard  on  piezoelectricity.  In  this 
set  up.  an  impedance  analyzer  (Model  4192A,  Hewlett 
Packard,  Inc.)  was  controlled  by  a  desk  top  computer 
(Model  9816,  Hewlett  Packard  Inc.).  By  examing  the 
variation  of  conductance  verse  frequency  and 
capacitance  frequency,  the  pertinent  material 
parameters  were  determined.  These  values  were  then 
used  to  calculate  piezoelectric  coefTicients. 


Results  and  Diacujaion 
Physical  Properties 

Physical  properties  for  selected  PMN-PT-La 
samples  are  reported  in  Table  1.  As  tabulated,  the 
resulting  densities  were  greater  than  95  %  theoretical, 
being  8.15  g/cm^  for  PMN-La.  Densities  increased  with 
firing  temperature  up  to  1200  °C  due  to  removal  of  free 
PbO  and  porosity.  As  reported  in  Table  1,  the  addition  of 
La  to  PMN-PT  solid  solutions  was  found  to  inhibit  grain 
growth  as  expected.  A  narrow  range  in  grain  sizes  (0.5  - 
3  pm)  was  found  for  all  the  various  compositions  and 
firings.  Typical  SEM  photomicrographs  of  fractured 
surfaces  with  fine  grain  (<1  pm)  are  shown  in  Figure  1. 
This  behavior  can  be  explained  by  solid  solution  impurity 
drag  mechanism®.  This  proposed  model  implies  that 
more  La  ions  concentrate  near  grain  boundaries  than 
inside  bulk  grains  and  react  with  defects  in  the  grain 
boundanes  such  as  pyrochlore,  lead  vacancies,  oxygen 
vacancies,  and  impurities  and  substantially  reducing 
the  grain  boundary  mobility  or  grain  growth  rate.  This 
kind  of  behavior  was  also  observed  in  several  systems  in 
PLZT^,  Bi-doped  PZT®,  and  La-doped  PbNb206  ceramics®. 

Ebctensive  work  was  carried  out  to  achieve  fine 
grain  and  high  density  ceramics,  especially  for 
compositions  near  MPB.  Annealing  studies  were 
performed  in  order  to  optimize  longer  sintering  times 
and  annealing  to  eliminate  PbO  in  the  grain  boundaries 
without  changing  firing  temperatures.  As  listed  in 


Figure  1.  SEM  photomicrographs  of  fractured  surface 
of  La-doped  PMN-PT  (70:30)  (sample  fired 
1100 'mo  hour). 


Table  2.  Physical  properties  of  La-doped  PMN-PT  ceramics  near  MPB  for  optimizing  fine¬ 
grained  materials 


Composition 

PMN-PT 

(  X:Y  ) 

Firing 

(°C/hour) 

Weight  Loss 
after  firing 
(wd,  %) 

Annealing 

('C/hour) 

Weight  Loss 
after  anneal 
(wt  %) 

75:25 

1100/4 

-- 

70:30 

1100/4 

" 

- 

75:25 

1100/4 

900/10 

0.2 

70:30 

1100/4 

■9 

900/10 

0.15 

75:25 

1100/10 

1.8 

•  • 

70:30 

1100/10 

2.0 

— 

Density 

(g/cm3) 

Grain  size 
(pm)  ■ 

7.78 

0.8 

7.80 

0.7 

7.80 

0.8 

7.84 

0.7 

7.88 

1.0 

7.87 

0.9 

7.9 

1.2 

7.92 

1.0 

75:25 

70:30 


1100/10 

1100/10 


1.7 

2.0 


900/10 

900/10 


0.09 

0.1 


Table  2,  the  denaitiea  were  found  to  increase  after 
annealing  and  long  firing  time  without  significantly 
changing  grain  size.  In  addition,  all  samples  after 
annealing  showed  slight  weight  losses.  This  is  believed 
to  be  due  to  the  free  PbO  in  the  grain  boundaries  and  the 
triple  points^®.  In  the  PMN-PT-La  solid  solution  region, 
the  m'cros^ructures  were  found  to  be  similar  with  fine 
grain  size  (<  1  pm)  for  the  compositions  studied  up  to  40 
mole  %  PT.  Also,  ceramics  containing  higher  amounts 
of  La  (2  1  mole  %)  were  found  to  possess  similar  grain 
sizes  and  microstructures.  This  indicates  that  only  a 
small  addition  of  La  is  sufficient  to  inhibit  grain  growth 
and  hence  less  affecting  the  dielectric  and  related 
behavior. 

Dielectric  Behavior 

Unpoled  and  poled  dielectric  behavior  of  fine¬ 
grained  (<1  pm)  ceramics  are  plotted  in  Figures  2  and  3. 
Upon  poling,  no  significant  change  of  Kniax  S  were 
observed,  while  slightly  shifting  Tmax  s  to  higher 
temperatures.  However,  the  dielectric  constants  at  room 
temperature  (KRx)were  found  to  change  significantly 
after  poling.  The  Krt  near  MPB  increased  upon  poling, 
in  contrast  of  a  reduction  observed  with  both 
rhombohedral  (80/20/1)  and  tetragonal  (60/40/1)  phase 
regions.  These  observation  may  be  explained  as  follows. 
Compositions  near  MPB  are  considered  mixed  phases 
(rhombohedral  and  tetragonal)  and  therefore  have 
numerous  poling  directions.  Thus,  these  compositions 
can  allow  higher  piezoelectric  coupling  during  poling, 
giving  rise  to  an  increased  dielectric  constant  (Krt) 
upon  poling  as  presented  in  the  following  equation, 

K’f=  KS/(  1  -  kp)2'  where  "Kf  and  K^"  are  the  po'ed  (free) 
and  unpoled  (clamped)  dielectric  constant,  respectively 
and  "kp"  is  the  piezoelectric  planar  coupling  factor^^. 
High  kp  was  indeed  observed  with  compositions  near 
MPB.  In  case  of  rhombohedral  and  tetragonal  phases, 
other  effects  would  strongly  dominate  than  piezoelectric 
coupling  such  as  intrinsic  anisotropy  or  induced  strain 
in  which  both  effects  result  in  reduction  of  the  dielectric 
constant  upon  poling. 

The  dielectric  losses  at  room  temperature  were 
also  found  to  be  reduced  upon  poling  in  all  compositions. 
It  is  believed  that  the  dielectric  loss  generally  comes 
from  macrodomain  wall  motions.  The  domains  can 
fixed  by  electric  field  poling,  resulting  in  less  domain 
wall  motions  and  thus  less  dielectric  losses. 

Piezoelectric  Property 

The  observed  piezoelectric  properties  (  dss,  Qm,  kp, 
and  Np  )  of  fine-grained  (<  1  pm)  ceramics  as  a  function 
of  PT  are  plotted  in  Figures  4  and  6.  As  shown,  high 
piezoelectric  coefficients  were  found  for  compositions 

near  MPB.  The  maximum  piezoelectric  daa  coefficient 
and  planar  coupling  factor  kp  were  observed  near  MPB, 
in  contrast  of  minimum  frequency  constant  N  p. 
However,  the  mechanical  quality  factor  Qm'*  were  found 
to  be  similar  along  all  compositions.  This  is  probably 
due  to  the  "soft"  nature  of  La-doped  PMN-PT  ceramics 
as  found  in  PZTs. 

The  piezoelectric  coefficient  das  increased  with 
firing  temperature,  indicating  a  slight  grain  size 
dependence  as  presented  in  Table  4,  as  similar  to  that 
found  in  undoped  PMN-PT  ceramics,  which  was 
believed  due  to  PbO  grain  boundary  phases^®. 
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Figure  2.  Max.  dielectric  constant  (Kmax)  at  1  kHz  and 
Temp,  of  dielectric  max.  (Tmax)  f  1.  3;  unpoled 
and  2,  4:  poled)  as  a  function  of  PbTiOs. 
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Figure  3.  Dielectric  constant  .  (Krt)  and  dielectric  loss  at 
room  temp.  (1,  3:  unpoled  and  2,  4:  poled)  as  a 
function  of  PbTiOa. 
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Figure  4.  Piezoelectric  coefficient  dsa  and  mechanical 
quality  factor  Qm  a  function  of  PbTiOa. 
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Figure  6.  Piezoelectric  planar  coupling  factor  kp  and 
frequency  Np  aa  a  function  of  PbTiOs. 


Annealing 

Extensive  work  was  carried  out  on  compositions 
near  MPB  in  order  to  optimize  the  dielectric  and 
piezoelectric  properties  without  changing  grain  size  (<1 
pm).  As  presented  in  Tables  5  and  6,  the  dielectric  and 
piezoelectric  properties  were  found  to  increase  after  long 
firing  and  annealing  similar  to  that  observed  in 
Pb(Zni/3Nb2/3)-BaTi03-PbTi03  (PZN-BT-PT)  ceramics^^. 
This  is  believed  to  be  due  to  the  amorphous  PbO  grain 
boundary  phases,  which  aiTect  poorly  not  only  dielectric 
but  also  piezoelectric  properties. 

After  long  time  firing  and  annealing,  the  best 
values  obtained  in  composition  (70/30/1)  near  MPB  as 
follows;  the  maximum  dielectric  constant  reached 
-  20,000  with  a  room  temperature  dielectric  constant  of 
4,600  (poled),  maintaining  a  fine  and  uniform  grain  size 
(<  1  pm).  The  piezoelectric  coefficients  obtained  were 
d33=510  pC/N.  kp=0.56.  Qm=63,  and  Np=2,180. 

The  observed  piezoelectric  properties  are  similar 
to  that  of  "soft"  PZT  ceramics,  however,  which  have 
generally  large  grain  sizes  (3  -  10  pm)  due  to  their  high 
firing  temperatures.  It  is  believed  that  high  piezoelectric 
properties  with  fine-grained  ceramics  can  be  possible  in 
La-doped  PMN-PT  system. 

Table  3.  Piezoelectric  coefficient  daa  of  La-doped 
PMN-PT  ceramics 


Composition 
PMN-PT  (X;Y) 

Firing 

C’C/hour) 

Grain  size 
(pm ) 

d33 

(pC/N) 

80;20 

1100/4 

0.7 

210 

1200/4 

1.6 

360 

75:25 

1100/4 

0.7 

240 

1200/4 

1.5 

480 

70:30 

1100/4 

0.7 

310 

1200/4 

1.7 

560 

65:35 

1 100/4 

0.7 

270 

1200/4 

1.8 

440 

60:40 

1100/4 

0.6 

200 

1200/4 

1.5 

250 

Summary 

Lanthanum  was  used  to  inhibit  grain  growth  in 
PMN-PT  solid  solution  compositions  near  MPB  in  order 
to  fabricate  fine  grain  size  (<1  pm)  piezo  ceramics.  As 
expected,  anomalously  high  piezoelectric  properties 
were  observed  with  compositions  near  MPB,  giving  rise 
to  confirm  again  the  position  of  MPB.  Annealing  studies 
were  carried  out  to  optimize  the  dielectric  and 
piezoelectric  properties  without  changing  the  grain  size. 


The  dielectric  and  piezoelectric  properties  were  greatly 
improved  after  long  firing  and  annealing,  being  related 
to  the  reduction  in  the  amorphous  PbO  grain  boundary 
phase(s)  as  observed  in  other  systems.  Grain  size 
dependencies  are  not  anticipated  in  relaxor  feroelectrics 
because  the  origin  of  macro-micro  domain  appearence  is 
on  the  nanoscale  well  below  grain  size's. 

The  observed  high  piezoelectric  properties  with 
compositions  near  MPB  are  similar  to  those  of  larger 
grain  size  "sofl"  PZT  ceramics.  Through  the  use  of  La 
modifications,  PMN-PT  based  ceramics  with  well 
developed  fine  grain  microstructures  for  device 
applications  such  as  multilayer  capacitors,  actuators, 
and  piezoelectric  transducers  appear  promising. 
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Table  4.  Unpoled  and  poled  dielectric  properties  of  La-doped  PMN-PT  (70:30)  ceramics 


Firing  Condition 
(”C/hour) 

Unpoled  State  Poled  State 

Krt 

tan5 

Mill 

mismmsm 

tanS 

Kmax 

■udii: 

1100/4 

3,730 

0.031 

14,000 

144  'C 

4.330 

0.026 

13.700 

146  "C 

1100/4  & 
anneal  9(X)/10 

3,650 

0.032 

16,500 

144  »C 

4,240 

0.025 

15,800 

147  'C 

1100/10 

3,520 

0.031 

19.800 

143  “C 

4,300 

0.027 

19.300 

145  "C 

1100/10  & 
anneal  9(X)/10 

3,760 

0.032 

20,500 

143  "C 

4,600 

0.028 

19,900 

145  "C 

Table  5.  Piezoelectric  properties  of  La-doped  PMN-PT  ceramics  near  MPB 
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Firing 

(°C/hour) 

Composition 

PMN-PT 

Grain  size 
(pm) 

d33 

(pC/N) 

mm 

Qm 

Np 

(mHz) 

■BITiTiTrBB 

75:25 

0.8 

230 

0.28 

70 

2300 

■iilH 

70:30 

0.7 

370 

0.39 

68 

2250 

1100/4  & 

anneal  900/10 

75:25 

0.8 

275 

0.30 

68 

2290 

70:30 

0.7 

440 

0.44 

68 

2235 

1100/10 

75:25 

■mgiiH 

350 

0.38 

67 

2280 

70:30 

480 

0.51 

65 

2210 

1100/10  & 

anneal  9(X)/10 

75:25 

1.2 

400 

0.43 

67 

2265 

70:30 

1.0 

510 

0.56 

63 

2180 
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Abstract  The  processing  of  order-disorder  perovskites  Ba(In]/2Nbi/2)03 
(BIN),  Ba(lni/2Tai/2)03  (BIT),  and  the  lead  analo^e  Pb(Ini/2Nbi/2)03 
(PIN)  was  investigated  with  an  emphasis  on  improving  and  expanding  our 
knowledge  of  microwave  dielectric  materials.  Bo^  BIN  and  BIT  were  shown 
to  be  paraelectric  perovskites.  The  processing  and  annealing  of  PIN  were 
related  to  the  perovskite  and  its  transformation  to  pyrochlore.  Dielectric  and 
physical  characteristics  were  examined  by  X-ray  diffraction  profiles  (XRD), 
scanning  electron  microscopy  (SEM),  and  dielectric  behavior.  Anempts  to 
enhance  B-site  cation  order  in  PIN  by  dermal  annealing  were  unsuccessful  due 
to  a  pyrochlore  formation. 


INTRODUCTION 


Recently,  dielectric  materials  for  miaowave  resonators  have  become  of  interest 
in  satellite  communications.  These  materials  require  relatively  high  dielectric 
constant,  low  dielectric  loss,  as  well  as  a  temperanue  stability  in  the  microwave 
frequency  regime  of  50MHz  to  20GHz.Wakino  (1986)^^)  has  outlined  a  number  of 
possible  candidate  materials  that  ate  predominately  in  the  paraelectric  perovskite 
family.  These  include  CaTi03,  BaZr03,  Ba(Zni^Ta2/3)03,  Ba(Mgi/3Ta2/3)03 
and  numerous  solid  solutions.  In  the  selection  of  low  loss  materials,  it  is  impoitant 
to  consider  what  relaxation  processes  contribute  to  dielectric  loss.  Dielectric  losses 
in  paraelectric  materials  are  caused  by  lattice  defects  and  anharmonic  lattice 
vibrations.  Whereas,  losses  in  ferroelectric  materials  such  as  BaTi03  and  LLNb03 
arise  from  domain  wall  motion  and  piezoelectric  grain  resonance.^^)  Recently, 
Lanagan  (1987)  suggested  antiferroelectrics  for  microwave  dielectrics  as  they 
exhibit  no  piezoelectric  grain  resonance  and  minimal  contribution  of  domain  walls 
to  the  permittivity.  Because  of  the  antifenoelectric  behavior  of  these  materials,  it  is 
theoretically  possible  to  achieve  high  dielectric  constant,  yet  low  loss.  Of  particular 
interest  also,  Wakino  et.  al.  (1986)^'^)  has  riiown  a  correlation  of  microwave 
loss  to  cation  order  in  the  perovskite  structure. 

Based  on  the  above  contributions  to  dielectric  loss,  the  order-disorder 

This  paper  was  originaly  presented  at  the  Seventh  international  Meeting  of  Fenoelcctrktty.  Saarbrucken.  F.R.  Germany. 
August  29  to  September  I.  19S9. 
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pcrovskites(5)  Ba(Iin/2Nbi/2)03  -  (BIN),  Pb(lin/2Nb  1/2)03  (PIN)  and  their 
tantalatc  analogues  were  herein  proposed  as  potential  candidates  for  microwave 
dielectrics.  However,  to  date,  a  great  deal  of  controversy  exists  over  the  dielectric 
and  structural  characteristics  of  BIN  and  PIN  ceramics.  Though  paraelectric 
behavior  would  be  expected,  both  BIN  and  BIT  have  been  repotted  to  exhibit 
dielectric  anomalies  suggesting  ferroelectric  behavior^^).  In  the  case  of  PIN,  the 
order-disorder  characteristics  and  corresponding  change  in  dielectric  behavior  from 
ferroelectric  to  antiferroelectric  (ordered  state)  have  been  well  documented  in  single 
crystals^^*®"^*^®)^  however,  little  work  has  been  done  in  the  fabrication  of 
polycrystalline  materials.  Attempts  to  make  polycrystailine  PIN  and  PIT  have 
resulted  in  uncharacteristically  poor  dielectric  properties  owing  to  the  presence  of 
parasitic  pyrochlore  phase(s)  1.12)_ 

It  was  the  objective  of  this  work  to  utilize  improved  fabrication  techniques  to 
prepare  the  proposed  {terovskites,  and  to  confirm  their  dielectric  and  structural 
characteristics. 

EXPERIMENTAL  PROCEDURE 

From  the  perovskite  ABO3  structural  field  plot  of  average  electronegativity 
versus  tolerance  factor,  shown  in  figure  I,  we  note  that  both  BIN  and  BIT  are  in  a 
region  at  high  perovskite  stability,  whereas,  both  PIN  aiKl  PIT  are  amongst  those 
compounds  which  ate  difficult  to  form  without  the  presence  of  pyrochlore  phase(s) 
From  previous  studies  of  lead  based  complex  perovskites,  it  has  been  shown 
that  by  pre-reacting  the  B-site  oxides  and  subsequent  reaction  with  PbO,  the 
formation  of  the  perovskite  phase  is  greatly  enhanced^*^).  Hence,  in  this  work, 
high  purity  (0203  was  pre-reacted  with  Nb205  to  form  the  wolframite  lnNb04 
followed  by  reaction  with  PbO,  as  presented  in  the  following: 

850OC/4hrs. 

InzOs  +  Nb205 - >  2  lnNb04 

900OC/4hrs. 


2Pb0  +  InNb04 


>  2Pb(Ini/2Nbi/2)03 
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The  calcined  powders  were  characterized  by  X-ray  diffraction  to  detemiine  phase 
purity.  The  reacted  powder  was  then  vibratory  nulled  to  enhance  reactivity  followed 
by  disk  preparation  using  a  3wt.%  PVA  solution.  Following  binder  burnout,  the 
disks  were  embedded  in  coarse  PIN  sand  and  sintered  at  lOSO^C  for  4hrs.  in 


closed  alumina  crucibles.  The  firing  sand  was  essential  for  the  control  of  PbO  and 
ln203  losses  due  to  volatility,  and  minimization  of  pyrochlore  formation.  Note: 
preliminary  work  found  that  PIT  could  not  be  fabricated  in  the  perovskite  structure 
without  at  least  or  no  less  than  35%  pyrochlore. 
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FKiURE  I,  Plot  of  average  electronegativity  (x)  versus  tolerance  factor  (i). 


Where  :  BTsr  BaTi03,  KN=  KNbO?.  BZN  =Ba(ZD|/3Nb2/3)03 
BIN=  Ba(In|/2Nbi/2)03.  BIT=  Ba<Iii|/2Ta|/2)03, 

Bz=  BaZiOy  Sim  SrTi03.  CT=  CaTi03.  FTm  PbTi03. 

PMN=  Pb<Mg|/3Nb2/3K)3.  PSN=  Pb(Sci/2Nb|/2K>3'  PbZi03 

PFN=  Pb(Fei/2Nbi/2)03p  PNN*  Pb  (Ni|/3Nb2/3)03,  P3^*  Pb<ZD|/3Nb2/3)03 

PIN*  Pb(IO|/2Nb|/2)03.  and  PCN»  Pb  (Ca|/3Nb2/3)03 


The  phase  stability  of  both  BIT  and  BIN  perovskites  allowed  them  to  be 
readily  processed  using  conventional  mixed  oxides  of  BaC03,  ln203,  Nb205,  or 
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Ta205  .  The  powders  were  vibratory  mixed/milled  followed  by  calcination  at 
1350*^  for  4hrs.  The  reacted  powder  was  processed  as  above  and  fired  16S0°C 
for  4hrs.,  again  using  firing  sands.  Due  to  the  refractory  nature  of  BIT  and 
temperature  limitations  of  the  furnace,  the  partially  sintered  material  was  again 
milled  and  resintered  to  enhatKc  densification. 

Sintered  samples  were  characterized  for  density,  phase  purity,  and  grain 
size  (using  SEM  of  fractured  surfaces).  Samples  were  polished  and  electroded 
using  sputtered  gold  electrodes.  The  dielectric  properties  of  the  samples  were 
measured  at  frequencies  lOOHz  to  lOOKHz  with  an  automatic  capacitance  bridge 
(Hewlett-Packard  4274A)(15)  temperature  was  varied  over  the  temperature 
range  of  -150®C  to  230®C  while  samples  were  being  measured. 


FKiURE  2.  Plot  of  the  dielectric  constant  and  loss  vs.temperature  for  disordered 
PIN. 

RESULTS  AND  DISCUSSION 

By  utilizing  the  processing  methods  described  above,  high  density 
(>95%  dieoretical)  PIN  ceramics  possessing  less  than  (<3%)  pyrochlore,  as 
determined  by  X-ray  diffraction,  were  obtained.  The  grain  size  was  found  to  be  - 
l-3p.m.  The  dielectric  behavior  of  PIN  was  found  to  be  typical  of  relaxor 
ferroelectrics  possessing  a  broad  and  strongly  frequency  dependent  dielectric 
constant  maximum  with  Tc-610C  (@  IKHz),  as  shown  in  Figure  2.  A  Kmax  of 
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4500  was  nearly  that  reported  for  single  crystals.  Also  characteristic  of  relaxors, 
linear  1/K  vs.  {T-Tc)^  behavior  was  observed  (sec  Figure  3),  with  a  diffiiseness 
coefficient  6ofI14K. 


FIGURE  3.  Dependence  of  1/K  on  (T-Tma,x)2  for  PIN. 

Attempts  to  order  PIN  through  various  thermal  treatments,  as  repotted 
for  single  crystals,  were  futile.  Though  annealing  from  400  to  1 100°C  for  0  to 
72hrs.  was  performed  in  fuing  sands  to  prevent  PbO  and  In203  losses,  pyrochlore 
formation  occurred.  Figure  4  shows  schematically  a  plot  of  annealing  temperature 
vs.  time  indicating  the  competition  between  the  ordering  process  and 
perovskite-pyroclilore  transformation.  Attempts  to  grow  PIN  grains  to  enhance  the 
ability  to  order,  again  was  met  by  pyrochlore  formation.  Grain  growth  was 
attempted  by  sintering  at  temperatures  close  to  the  melting  temperature  of  -  1290°C 
for  short  durations  of  time  (5-15  min.);  however,  minimal  perovskitc  grain 
growth  was  observed.  A  sharp  increase  in  perovskitc  -  pyrochlore  transformation 
(>20%)  was  evidenced  by  large  (>15lim)  trigonal  shaped  pyrochlore  grains. 
Similar  problems  of  pyrochlore  transformation  also  were  found  in  attempts  to 
grain  grow  Pb(Zni/3Nb2/3)03  based  materials  by  Kumar  (1988)(^^\  reflecting 
the  tlieimodynamic  stability  of  pyrochlore  in  these  systems. 

In  contrast  to  PIN,  both  BIN  and  BIT  were  readily  produced  in 
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fonn.  Sintered  densities  of  ^  95  and  83%  of  theoretical  were  obtained,  respectively. 
The  grain  size  of  these  ceramics  was  found  to  be  approximately  2-3pm.  As 
anticipated,  the  dielectric  propenies  (see  Figure  5)  revealed  paraelectric  type 
behavior  with  dielectric  constants  of  K~40  and  38  for  BIN  and  BIT  and 
correspondingly  low  loss  (<0.(X)09  at  lOOKHz).  The  temperature  coefficient  of 
capacitance  was  determined  to  be  -  -I39ppm/C!®  for  BIN  and  ~-124ppm/C®  for 
BIT.  X-ray  diffraction  revealed  no  superstructure  lines  and  thus  no  cation  order. 
Ordering  of  these  materials  through  thermal  annealing  were  not  attempted. 
Annealing  samples  at  temperatures  as  low  as  6(K)°C  for  40hrs.,  which  was 
successful  for  single  crystals,  did  not  increase  ordering,  yet  substantial  pyrochlore 
fomiation  occurred. 


time - — . 

FIGURE  4.  The  annealing  temperature  vs.  time  plot  showing  the  competition 
between  ordering  and  perovskite-pyrochlore  transformation. 

SUMMARY 

1 )  High  density  (>95%)  and  low  pyrochlore  (<3%)  PIN  was  produced  by  using  the 
B-site  precursor  method  described  above,  and  using  firing  sands  in  the  sintering 
process  to  control  PbO  and  In203  losses.  However,  ordering  and  grain  growth 
kinetics  were  found  to  compete  with  the  perovskite  -  pyrochlore  transformation. 
This  makes  the  highly  ordered  antiferroelectric  PIN  as  a  single  phase  material  to  be 
a  difficult  processing  challenge,  and  thus  an  unsuccessful  choice  as  a  potential 
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microwave  dielectric. 

2)  BIN  and  BIT  ceramics  with  densities  of  (95%)  and  (85%)  were  produced  by 
conventional  ceramic  methods.  Sands  were  again  used  in  the  processing  to  control 
^2^3  losses.  Both  ceramics  exhibited  classic  paraelectric  behavior. 


FIGURE  5.  Plot  of  dielectric  constant  vs.  temperature  for  disordered  BIN  for 
frequency  range  of  lOOHz.  to  lOOKHz. 
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ABSTRACT 

It  is  the  physiochcinicaJ  nature  of  lead-based  perovskites  Pb(B)03  that  upon 
reaction  of  the  component  oxides  a  large  volumetric  expansion  occurs.  In  addition 
to  perovskites,  Pb-  and  Bi-based  pyrochlorcs  (A2B2O7)  and  the  layered  structure 
compound  Bi4Ti30i2  also  exhibit  similar  physiochemical  behavior.  At  the 
temperature  of  maximum  expansion,  the  associated  morphological  development 
results  in  a  porous  skeletal  type  structure  consisting  of  fine  particulates  that  can  be 
readily  broken  down  further  by  milling.  The  level  of  expansion  and  ease  of 
comminution  was  shown  to  be  strongly  dependent  on  the  starting  powder  size, 
using  perovskite  Pb(ZrTi)03  as  the  example.  Using  this  concept  of  “reactive 
calcination,”  the  sutc  of  optimum  soft  agglomeration  and  subsequent  milling  can 
allow  for  fully  reacted  powder  with  submicron  particle  size. 

INTRODUCTION 

With  the  continuing  miniaturization  of  electronics  including  ceramic  devices 
such  as  multilayer  capacitors,  ultrasonic  transducers,  sensors,  piezo  motors,  and 
electrostrictive  actuators,  the  importance  of  fine  and  phase  pure  starting  powders 
becomes  ever  so  more  evident  Such  powders  also  ^low  the  potential  for  novel 
applications  such  as  ferro-fluids  which  require  finely  dispersed  submicron  powders 
in  a  liquid  medium.(^)  Fundamentally,  submicron  to  nano-sized  powders  are  of 
interest  in  the  understanding  of  the  role  of  “scale”  on  intrinsic  physical  phenomena 
such  as  ferroelectricity  and  related  behavior.CZ) 

Numerous  methods  to  produce  submicron  powders  have  been  developed 
with  emphasis  on  the  perovsiute  ABO3  family  of  materials.  Methods  include 
chemical  synthesis  techniques  such  as  co-precipitation  of  alkoxides,  noolten  salt 
and  hydrothermal.  However,  most  chemical  synthesis  techniques  are  relatively 
costly  and  do  not  lend  themselves  for  mass  production. 

Recently,  submicrometer  powders  of  Pb-based  perovskites  including 
PbTiOy,  Pb21r03,  Pb(Zr.53Ti  and  Pb(Mgi/3Nb2/3)03  were  prepared  by  a 
reactive  calcination  process. Using  only  reagent-grade  raw  materials  and 
conventional  processing  techniques,  highly  reactive  powders  were  produced  by 
reacting  the  materials  near  the  temperature  of  maximum  volumetric  expansion.  At 
this  point,  the  associated  morphological  development  results  in  a  skeletal-type 
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structure  consisting  of  ultra-fine  particulates  than  can  be  readily  broken  down  by 
milling  (see  Fig.  1).  Powder  sizes  <  0.1  pm  were  produced  allowing  enhanced 
densification  and  correspondingly  small  grain  sizes.t^'^ 

The  objective  of  this  work  was  to  furtiier  optimize  the  **ieactive  calcination” 
process  of  lead-based  perovskite  through  control  of  the  starting  powder 
characteristics.  It  was  a  further  objective  to  explore  the  potential  of  reactive 
calcination  in  non-PbO  pcrovskitcs  and  other  electro-ceramic  structural  families 
through  knowledge  of  their  physiochemical  behavior. 


Figure  1.  Schematic  representation  of  the  perovskite  PbB03  formation  and 
associated  morphological  changes.^) 

EXPERIMENTAL  PROCEDURE 


The  Pb-based  perovskite  material  chosen  to  examine  the  role  of  component 
powder  characteristics  on  reactive  calcination  was  the  solid  solution 
Pb(Zr,53Ti,47)03  (P2T).  Non-pwvskite  materials  investigatnl  included  the 
pyrochlores  Pb2Nb207  and  Bi2Ti207  and  Bi4’n30i2  layer  structure  compound. 
'Die  non-PbO  perovskite  (Nai/2Bii/2)'nC)3  was  also  studi^ 

Reagent-grade  raw  materials  were  used  to  prepare  the  compounds  as 
described  in  ref.  3.  The  component  powders  were  characterized  by  determining 
their  as-reoeived  surface  area  and  particle  size. 

Since  intermediate  reactions  occur  in  the  formation  of  the  complex 
perovskite  PZT,  the  B-site  precursor  method  developed  by  Swartz  and  ShrouK^ 
was  used  whereby  the  ZrOz  and  Ti02  oxide  were  pre-react^  prior  to  reaction  with 
PbO  as  follows: 


0. 53  Zrq  +  0.  47  770, 

PbO  ZrjjTi,4702  PZT  (perovskite) 


[1] 

[2] 


Variations  in  particle  sizes  of  both  the  PbO  and  Zr,Ti02  oxides  were 
prepared  by  vibratory  or  attrition  milling.  The  powder  size  schemes  for  reactive 
calcination  cf  PZT  are  schematically  shown  in  Fig.  2. 
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Stoichiometric  mixtures  of  the  component  oxides  for  all  the  compounds 
studied  were  prepared  by  vibratory  mixing  in  ethyl  alcohol  or  de-ionized  H2O  and 
polyelectrolyte  dispersant  at  a  pH  where  minimal  dissolution  of  Pb'*'^  occurs.(^) 
Upon  drying,  the  powders  were  pressed  into  disks  of  similar  packing  densities. 

The  possibility  and/or  extent  of  reactive  calcination  was  determined  by  the 
degree  of  volumetric  expansion  and  corresponding  temperature  reaction  range. 
This  was  performed  by  placing  pressed  disks  in  a  furnace  (open  air)  and  heated  at  a 
rate  of  -  lOO’C/hr.  Above  SCiO’C,  disks  were  quenched  at  25  to  50'C  intervals  by 
being  pulled  directly  from  the  furnace  and  allowed  to  cool  in  air.  Sample 
geometries  were  used  to  determine  the  degree  of  volumetric  expansion  or 
shrinkage.  The  disks  were  then  crushed  and  powder  XRD  analysis  performed  to 
determine  the  amount  of  phase  reaction  and  subsequent  particle  characteristics. 
SEM  microstructural  analysis  of  selected  powder  compacts  (before  and  after 
crushing)  were  also  examined  to  examine  morphological  development  during 
reaction. 


Based  on  these  results,  large  quantities  of  (~  1  kg)  PZT  packed  powders 
were  prepared.  The  powders  were  calcined  for  4  hrs  approximately  50*  C  below  the 
maximum  expansion  (to  allow  for  kinetics)  and  at  higher  temperatures  to 
demonstrate  the  point  of  optimum  skeletal  formation  and  subsequent  consequence 
on  milling  efficiency.  Slurries  of  the  calcined  powders  were  prepared  as  before  and 
attrition  milled  while  samples  were  removed  at  various  intervals.  The  milled 
powders  were  then  characterized  by  specific  surface  area.  The  primary  particle  size 
was  determined  through  the  equation 


D  = 


6 

pSA 


[31 


where  p  is  the  theoretical  density,  SA  the  surface  area,  and  D  the  calculated  primary 
particle  size. 


Figure  2.  Component  powder  size  schemes  for  the  formation  of  perovskite  PZT. 
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RESULTS  AND  DISCUSSION 

Instinctively,  one  expects  that  ceramic  powder  compacts  should  shrink  on 
reaction  as  a  consequence  of  higher  product  densities,  as  found  for  non-PbO 
perovskites.  The  volumetric  expansion  observed  during  the  formation  of  Pb-baMd 
perovskites  is  reportedly  the  result  of  molar  volume  differences  in  the  component 
oxides  and  subsequent  perovskite  phase.  Attempts  to  predict  relative  volume 
expansions  for  various  compounds  clearly  suggests  the  expansion  behavior  is  also 
dependent  on  the  particle  packing  and  size  characteristics  as  proposed  in  Fig.  2. 

The  importance  of  particle  characteristics  on  reactive  calcination  is  clearly 
evident  in  Fig.  3,  showing  Ae  impact  of  PbO  particle  size  on  the  volume  expansion 
during  the  formation  of  perovskite  PZT.  As  presented,  fine  PbO  (Case  1)  resulted 
in  shrinkage  prior  to  a  relatively  small  volume  expansion  and  associated  formation 
of  the  perovskite  phase.  The  shrinkage  is  believed  to  be  the  result  of  the  highly 
reactive  nature  of  the  fine  PbO  particWagglomerates  which  sinter  prior  to  reaction 
with  the  coarser  Zr,Ti02  particles.  The  impact  of  Zr.Ti02,  particle  size,  clearly 
shows  that  the  finer  material  enhanced  the  formation  of  perovskite  PZT,  but  the 
reactive  nature  of  the  fine  powder  and  less  open  skeletal  structure  lead  to 
densification  at  relatively  low  temperatures  (C^se  FV).  For  Case  HI,  where  PbO 
and  Zr.TiO^  are  of  similar  size,  resulted  in  the  largest  volume  expansion.  Of 
particular  interest  is  that  once  the  skeletal  structure  was  formed,  densification  did 
not  occur  even  up  to  temperatures  of  1000*C.  Hence,  inhotrwgeneous  densification 
Oow  coordination  number  of  reaction  regions)  was  optinuzed.  The  importance  of 
this  behavior  is  clearly  evident  in  Fig.  4,  whereby  the  ease  in  which  the  skeletal 
structures  can  be  broken  down  is  given  in  terms  of  a  milling  factor.  As  shown,  the 
skeletal  sructure  associated  with  ^se  m  was  readily  broken  down  by  milling  with 
an  order  of  magnitude  decrease  in  particle  size  in  only  one  hour.  A  large  volume 
change  found  over  an  extensive  temperature  range  (Case  II7),  thus,  allows  for  a 
broader  calcination  process  window.  Further  implications  of  the  nnorphological 
development  of  these  materials  will  be  presented  in  the  summary. 

The  morphological  behavior  presented  above  was  not  found  to  be  unique  to 
Pb-perovskites  but  was  also  observed  in  the  Pb-based  pyrochlore  phase  Pb2Nt^07 
as  shown  in  Fig.  5.  Analogous  to  Pb,  the  Bi-based  perovskite  Nao.sBio.sTi03, 
pyrochlore  Bi2Ti207  and  layer  structure  Bi4Ti30i2  compounds  also  exhibit^ 
similar  tehavior,  but  to  a  lesser  degree.  It  is  impor^t  to  note  that  at  the  point  of 
maximum  volumetric  expansion  corresponds  to  the  formation  of  the  expected 
phase. 

CONCLUSION 

The  volumetric  expansion  and  morphological  development  associated  with 
the  formation  of  Pb-based  p^vsldtes  was  found  to  be  strongly  dependent  on  the 
starting  powder  characteristics,  using  perovskite  Pb(Zr'n)C>3  as  the  example.  The 
resulting  porous  skeletal  structure  of  perovsidte  particulates  was  found  to  be  readily 
broken  down  into  submicron  particles  by  milling.  In  addition  to  Pb-based 
perovskites,  Pb-  and  Bi-based  pyrochlores  (A2B2O7),  the  layered  structure 
compound  Bi4Ti30i2  and  (Nai/2Bii/2)Ti03  perovskite  were  also  found  to  exhibit 
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similar  physiochemical  behavior.  Using  this  concept  of  “reactive  calcination”  the 
point  of  maximum  expansion  can  be  used  as  a  characterization  tool  to  determine  the 
optimum  state  of  soft  agglomeration  to  provide  highly  reactive  powders. 

Further  investigation  and  modeling  of  particle  size  and  packing  effects  on 
reactive  calcination  are  still  required. 


Figure  3.  Volumetric  expansion-shrinkage  characteristics  of  PZT  as  a  function  of 
temperature  for  various  component  sizes. 


Figure  4.  Milling  factor  (normalized)  for  rcactively  calcined  PZT  (Cases  HI  (3.1 
pm)  and  FV  (0.9  pm))  as  a  function  of  milling  (attrition)  time. 
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Figure  5.  Volumetric  expansion-shrinkage  characteristics  of  Pb2Nb207,  Bi2Ti207 
(pyrochlore),  Nao.5Bio.5Ti03  (perovskite)  and  BuTisOn  Oarger  structure). 
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ABSTRACT 

Fine  grain  piezoelectric  ceramics  with  the  formula  Pb(Zr.53Ti.47)03  (PZT)  were  prepared 
by  a  reactive  calcination  process.  Using  conventional  materials  and  processing  techniques,  highly 
reactive  powders  of  PZT  were  achieved  by  calcining  to  or  near  the  point  of  maximum  volume 
expansion  whereby  associated  morphological  changes  resulted  in  highly  reactive  powder.  Upon 
milling,  powders  <  0.3  p.  were  readily  obtained  allowing  densification  at  temperatures  < 
lOOO’C.  Using  the  B-site  precursor  method,  whereby  the  Zr02  and  Ti02  oxides  were  pre-reacted 
prior  to  reaction  with  PbO,  further  enhanced  the  reactivity  by  eliminating  intermediate  reactions  and 
subsequent  phase(s)  which  can  hinder  densification  and  overall  homogeneity.  Highly  dense 
piezoceramics  with  grain  sizes  -  1-2  p  exhibiting  dielectric  and  piezoelectric  characteristics 
comparable  to  conventionally  prepared  large  grain  size  materials  were  obtained. 

INTRODUCTION 

Modilled  lead  zirconate  titanate  (PZT)  ceramics  are  choice  materials  still  widely  used  for 
various  piezoelectric  applications.^**^)  In  general,  conventionally  prepared  PZT  ceramics  ^e 
calcined  and  sintered  at  relatively  high  temperatures,  >  900’C  and  12(X)’C,  respectively,  to  insure 
complete  phase  formation,  and  the  desired  piezoelectric  propenies.  Problems  associated  with  the 
high  processing  temperatures  include  PbO  loss  through  volatilization  and  hence  poor  overall 
uniformity.  In  recent  applications,  such  as  multilayer  actuators(5.6)  it  is  desirable  to  use  lower 
sintering  temperatures  to  incorporate  less  costly  internal  electrodes,  as  well  as  to  achieve  finer  grain 
size  structures  The  latter  is  particularly  important  in  high  frequency  devices  such  as  biomedical 
transducers.(^) 

Processing  methods  employed  to  enhance  the  reactivity  of  PZT  have  included  various 
chemical  techniques  (sol-gel,  molten  salt,  and  hydrothermal)  to  prepare  homogeneous  and  fine 


powders,  as  well  as  high  energy  milling,  and  hot  pressing.(^'3«8-l3)  Though  the  above  methods 
have  been  successful  in  reducing  the  firing  temperature  and  subsequent  grain  size,  they  are  in 
general,  expensive  and  not  amenable  to  large  scale  production. 

Previous  investigations  on  the  role  of  calcination  and  its  effect  on  sintering  of  PZT  ceramics 
found  that  densification  could  be  enhanced  by  partially  reacting  the  component  powders  near  the 
point  of  maximum  volume  expansion,  an  effect  generally  observed  in  the  formation  of  lead  based 
Pb(B)03  perovskites.^^'*)  The  enhanced  densification  was  attributed  to  a  reactive  sintering 
process,^  associated  with  the  on-going  completion  of  the  PZT  formation  reaction. 

The  reaction  sequence  of  PZT,  however,  is  quite  complex  with  several  intermediate  phases 
being  formed.  Associated  with  these  phases,  that  include  PbTi03,  are  volun:c  expansions  and 
morphological  transformations  that  may  actually  hinder  or  lead  to  inhomogeneous  densification  if 
the  oxide  mixture  is  not  properly  processed.  Based  on  the  work  by  Swanz  and  Shrout(l^)  on 
related  lead-based  perovskites,  it  was  proposed  that  by  pre-reacting  the  B-site  oxides  Ti02  and 
Zr02  -->  ZrTiOa  prior  to  reaction  with  PbO  only  a  single  reaction  step  and  subsequent  volume 
expansion  would  occur  and  thus  lead  to  more  homogeneous  densification. 

In  this  study  the  concept  of  reactive  sintering  in  conjunction  with  conventional  materials 
and  processing  techniques  was  proposed  to  prepare  highly  reactive  PZT  powder  and  fine  grain 
piezoelectric  ceramics.  Reactive  sintering  was  investigated  for  both  mixed  oxide  and  B-site 
precursor  powder  methods.  The  dielectric,  piezoelectric,  and  physical  characteristics  were 
determined  for  both  systems. 

EXPERIMENTAL  PROCEDURE 

Powder  Preparation 

The  PZT  composition  selected  for  this  study  being  near  the  morphotropic  phase  boundary 
was  Pb(Zro.53Tio.47)03.  Raw  materials  used  for  the  experiments  were  reagent  grade  PbO,* 
Ti02,**  and  Zr02.***'*’  The  powders  were  weighed  in  a  nalgene  container  and  vibratory  milled** 
for  24  hrs  with  ethyl  alcohol  using  Zr02  milling  media.  A  small  amount  of  dispersant  was  added 

^The  term  "reactive  sintering"  is  herein  defined  as  a  process  by  which  densification  is  enhanced  as  the  result  of  an 
accompanying  phenomena,  e.g.,  chemical  reaction,  which  is  greatly  beneficial  to  diffusion  and  the  overall  sintering 
phenomena. 

*Ham/nond  Lead  Aoducts,  Inc,.  PbO  (yellow.  99%)  Hammond,  IN. 

••Whittaker,  Clark,  and  Daniels,  Ti02  Grade  (99%)  Pituburgh,  PA. 

•••Hanhaw/Filcrol  Partnership,  Zf02  (electronic  grade)  Cleveland,  OH. 

•"Sweco,  Inc.,  Model  M-IS-S,  Florence.  KY. 


to  provide  efficient  milling.  The  slurry  was  dried  in  an  oven  at  80*C  and  calcined  near  the  point  of 
maximum  volume  expansion  experimentally  described  in  the  next  section.  To  further  increase  the 
reactivity  of  the  powder,  approximately  one-half  of  the  calcined  powder  was  vibratory  milled.  The 
two  types  of  materials  designated  PZT-AS  (as-calcined)  and  PZT-M  (milled)  are  used  hereafter. 

A  PZT  mixture  was  also  prepared  using  zirconate  titanate  (ZT)  powder,  where  ZT  was 
prepared  from  Zr02  and  Ti02  in  the  ratio  of  53:47.  The  mixture  was  prepared  as  above  and 
calcined  at  1400*C  for  4  hrs.  The  calcined  ZT  powder  was  hammer  milled  and  sieved  through  60 
mesh,  followed  by  the  addition  of  PbO  and  calcined  again  near  the  point  of  maximum  volume 
expansion.  Again,  part  of  the  powder  was  milled,  designated  ZTP-M  and  ZTP-AS  (for  the 
as-calcined  material). 

Calcination  and  Sintering  Studies 

To  determine  the  "optimum"  calcination  temperature,  powders  of  uncalcined  PZT-AS  and 
ZTP-AS  were  pressed  (~  34  MPa)  into  disks  1.25  cm  in  diameter  and  3-4  mm  thick.  The  disks 
were  heated  in  an  electric  furnace  up  to  lOOO'C  with  a  heating  rate  of  2*C/min,  with  samples 
removed  from  the  furnace  at  50*C  intervals.  The  sample  dimensions  were  measured  to  determine 
volume  expansion  and/or  shrinkage.  X-ray  powder  diffraction  of  the  samples  was  used  to 
characterize  the  completion  of  the  reaction  sequences.  The  calcination  temperature  used  for  the 
large  batches  (~  I  kg)  was  selected  to  be  ~  50*C  less  than  the  point  of  maximum  expansion  of  the 
disks  to  allow  for  differences  due  to  kinetics.  The  PZT  and  ZTP  powders  were  calcined  at  725* C 
for  4  hrs.  As  stated,  halves  of  the  two  batches  were  vibratory  milled  subsequent  to  calcination  to 
funhcr  enhance  reactivity.  The  powders  were  again  characterized  for  specific  surface  area,  particle 
size,  and  agglomeration.  For  comparison  of  particle  size(s)  and  the  degree  of  agglomeration, 
scanning  electron  microscope  (SEM)  photomicrographs  of  the  powders  were  taken.  Disks  were 
prepared  using  a  3  wt%  PVA  being  pressed  into  a  disk  of  1.25  cm  diameter  at  ~  70  MPa.  The 
green  densities  of  all  the  disks  were  in  the  range  of  4.5-4.8  g/cm^.  After  binder  burnout,  the 
pellets  were  sintered  at  850*C-1200*C  in  closed  alumina  crucibles  for  one  hour.  A  PbO 
atmosphere  was  maintained  using  PbZr03  powder.  The  pellets  were  characterized  for  geometric 
density  and  grain  size  as  determined  on  fractured  surfaces  by  SEM. 

Dielectric  and  Piezoelectric  Properties 

Samples  having  densities  greater  than  90%  theoretical  (ptheo  ■■  8  g/cm^)  were  polished  and 
electroded  with  sputtered  on  gold  with  air  dry  silver  applied  to  insure  better  contact  during  poling 
and  electrical  property  measurements.  Disks  were  poled  in  a  silicon  oil  bath  at  120*C  with  an 
applied  field  of  50  to  60  KV/cm  for  3  to  10  minutes.  Values  of  the  piezoelectric  constant,  d33, 
measured  using  a  Berlincourt  d33  meter,  were  checked  to  insure  completion  of  poling. 

The  dielectric  constant  (K)  and  dissipation  factor  (loss)  of  the  ZTP  and  PZT  samples  were 
measured  using  a  Hewlett-Packard  (Model  4274A)  LCR  meter.  The  piezoelectric  planar  coupling 


coefficient  (kp)  and  mechanical  quality  factor,  Qm,  were  determined  using  a  Hewlett-Packard 
(Model  3577  A)  network  analyzer  in  reference  to  the  IRE  standard.I^^)  Values  were  measured  24 
hrs  after  poling. 

RESULTS  AND  DISCUSSION 

The  volume  expansion/shrinkage  curves  as  a  function  of  calcining  temperature  for  P+Z-t-T 
and  ZT-hP  mixtures  are  shown  in  Fig.  1.  As  presented,  the  PZT  mixture  exhibited  two  volume 
expansions  near  650*C  and  750’C,  whereas  the  ZTP,  as  anticipated,  exhibited  only  one  near 
8(X)'C.  As  previously  reported,!*^)  the  two  expansion  maximums  observed  for  ?+Z+T  reflect  the 
formation  of  PT  (~  650*C)  and  intermediate  PZT  phase(s)  (~  750*C),  respectively.  The  volume 
expansions  are  reportedly  believed  to  be  due  to  a  molar  volume  increase  of  the  reaction  phase(s)  in 
contrast  to  the  starting  oxides.  Naturally,  the  expansion  behavior  is  dependent  on  the  forming 
pressure,  heating  rate,  etc.  The  sequence  of  x-ray  diffraction  patterns  shown  in  Fig.  2a,  also 
confirms  the  formation  of  the  intermediate  phases  PT  and  PZT.  Above  750*C,  the  completion  of 
perovskite  PZT  phase  began  to  take  place  with  the  diffraction  pcak(s)  becoming  sharper  with 
increasing  temperature.  In  the  ZTP  case  (see  Fig.  2b)  no  reaction  took  place  until  ~  750*C,  where 
the  formation  of  PZT  began  and  completed  at  ~  SOO'C  as  reflected  by  the  strong  diffraction  peaks. 

Simplified  reaction  sequences  of  the  two  types  of  PZT  mixtures  can  be  summarized  in  the 
following: 

P+Z+T  [PZT.AS]  I  P-kZT  IZTP.AS] 


PbO  -K  ZrTiOa  PZT 


Though  the  reported  reaction  sequence(s)  for  P+Z+T  are  in  actuality  more  complex  than 
presented,  the  importance  of  the  B-site  precursor  method  in  eliminating  intermediate  reactions  and 
associated  morphological  changes  was  apparent.  This  technique  helps  prevent  the  possibility  of 
problems  associated  with  unreacted  Zr02  and  competing  volume  expansions  with  densification 
during  firing.  The  single  calcines  of  the  PZT-AS  and  ZTP-AS  at  725*C/4  hrs,  though  below  the 


-650-C 

PbO  +  Ti02 - >  PbTiOs 

-  750'C 

PbO  +  PbTi03  +  Zr02 - >  Pb(ZrxTii.x)03 

(intermediate  PZT) 

>  750*C 

PbTi03  +  Pb(ZrxTii.x)03 - >  PZT 


point  of  volume  cxpansion(s)  shown  in  Figs.  2a  and  2b,  were  found  to  be  single  phase  perovskitc 
PZT.  The  process  by  which  powders  are  reacted  at  a  point  of  maximum  volume  expansion  due  to 
associated  morphological  changes  is  hereafter  designated  as  "reactive  calcination." 

The  powder  characteristics  of  the  milled  and  unmilled  reactively  calcined  PZT  and  ZTP 
powders  are  reported  in  Table  I.  Also  included  are  the  powder  characteristics  of  the  ZT  precursor 
powder.  As  presented,  the  equivalent  particle  size,  as  determined  from  the  surface  area,  was 
smaller  for  the  ZTP  powder,  though  they  were  calcined  at  the  same  conditions.  Upon  milling,  a 
significant  reduction  in  particle  size  and  corresponding  increase  in  surface  area  was  observed  with 
a  slight  increase  in  agglomeration.  It  is  interesting  to  note  that  the  PZT-AS  and  ZTP- AS  powders 
milled  to  approximately  the  same  particle  size  reflecting  the  limit  of  milling  efficiency.  SEM 
analysis  confirmed  the  calculated  particle  sizes  and  degree  of  agglomeration. 

Densities  of  the  sintered  disks  as  a  function  of  firing  temperature  (850*C-1200*C)  for  the 
PZT  and  ZTP  materials  arc  plotted  in  Fig.  3.  Virtually  no  increase  in  density  occured  below  9(X)*C 
for  the  PZT-AS  and  milled  (PZT-M)  powders,  whereas  densification  (>  85%  theoretical)  occured 
as  low  as  850*C  for  ZTP.  As  expected,  milling  increased  the  reactivity  of  the  powders  and 
subsequent  densification.  Densities  >  90%  thecretical  were  achieved  for  the  ZTP-M  material  as 
low  as  950*C,  whereas  temperatures  of  lOOO'C  and  1200*C  were  required  for  the  PZT-M  and 
PZT-AS,  respectively.  The  average  grain  size  for  PZT  and  ZTP  samples  fired  at  lOOO’C  and 
1200*C  are  reported  in  Table  II.  Typical  SEM  photomicrographs  of  fractured  (intergranular) 
surfaces  of  the  sintered  samples  are  shown  in  Fig.  4,  Grain  sizes  for  PZT-AS  and  ZTP-AS 
samples  fired  at  1000‘C  were  found  to  be  -  2  n,  increasing  in  size  to  -  3  ^l  at  the  higher  firing 
temperature.  Samples  processed  with  the  milled  powders  were  found  to  be  somewhat  smaller. 
Grain  sizes  in  the  neighborhood  of  ~  1.5  n  with  a  fired  density  >  95%  theoretical  were  obtained  for 
the  ZTP-M  material  fired  at  only  lOOO’C  for  1  hr. 

In  addition  to  physical  characteristics,  the  dielectric  and  piezoelectric  properties  of  PZT-M 
and  ZTP-M  ceramics  fired  at  1(XX)*C  and  12(X)’C  are  reponed  in  Table  II.  For  comparison,  data 
for  conventionally  prepared  Pb(Zr53Ti.47)03  from  Jaffe  et  al.,(D  was  reported.  Okazaki  and 
Nagata(*^'*8)  found  that  both  the  dielectric  and  piezoelectric  propenies  (K,  d33,  kp,  etc.)  increase 
with  density  and  grain  size.  This  behavior  was  also  observed  whereas  the  lower  density  and  finer 
grain  sized  materials  possessed  lower  values.  However,  the  largest  deviations  were  found  to  occur 
between  the  PZT  and  ZTP  materials  regardless  of  density  or  grain  size.  The  PZT  materials, 
whether  originally  milled  or  not,  possessed  significantly  lower  dielectric  constants  and  piezoelectric 
d33  values.  This  difference  reflects  inhomogeneity  in  the  PZT  material  in  that  the  properties,  such 
as  the  dielectric  K,  are  very  dependent  on  the  Zr:Ti  ratio  near  the  morphotropic  phase  boundary. 
Also  of  importance,  the  piezoelectric  properties  d33  and  kp,  for  the  ZTP  materials  fired  at  lOOO'C 
were  inferior  to  those  fired  at  1200*C,  though  possessing  similar  densities  and  grain  sizes.  The 


lower  values  are  believed  to  be  related  to  the  crystallinity  of  the  materials  being  less  developed. 
The  associated  defects  thus  result  in  a  stiffening  out  of  the  extrinsic  polarizability  (domain  wall 
motion). (19)  As  found  for  other  perovskites,(20)  longer  sintering  times  may  anneal  out  various 
crystalline  defects  resulting  in  less  grain  size  dependency. 

CONCLUSIONS 

Using  reagent  grade  materials  and  conventional  processing  techniques,  fine  grain  PZT 
ceramics  were  fabricated  based  on  reactive  calcination.  By  reacting  the  component  powders  (PbO, 
Zr02,  and  Ti02)  near  the  point  of  maximum  volume  expansion,  very  fine  (<  3.3  p.)  and  highly 
reactive  powders  were  readily  made.  Such  powders  could  be  densified  at  temperatures  less  than  ~ 
lOOO'C.  Being  fully  reacted,  enhanced  densification  was  simply  due  to  the  reactive  nature  of  fine 
powders  and  nci  due  to  a  reactive  sintering  process  as  originally  proposed.  The  reactive 
calcination  process  was  further  enhanced  by  first  pre-reacting  the  B-site  oxides  (Zr02  and  Ti02) 
prior  to  reaction  with  PbO.  This  step  eliminated  intermediate  phase  reactions  which  hindered 
densification  and  resulted  in  a  more  homogeneous  material. 

Highly  dense  piezoceramics  with  fine  grain  size  structure  <  2  p  exhibiting  dielectric  and 
piezoelectric  properties  comparable  to  conventionally  prepared  large  grain  size  materials  were 
obtained.  Further  investigations,  however,  of  the  mechanisms  and  morphological  changes  that 
take  place  during  calcination  are  still  required.  The  role  of  grain  size  and  associated  dependency  of 
the  dielectric  and  piezoelectric  properties  also  needs  to  be  addressed. 
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Table  I 

Component  and  reacted  powder  characteristics. 


Component  Powders 

S.A. 

m^/g 

Equivalent  Particle 

Size  (pm  ) 

'''Median  Particle 
Size  (pm  ) 
(Sedigrapb) 

AAN(50) 

PbO 

0.54 

1.20 

5.9 

120 

ri02 

8.40 

0.17 

Zr02 

21.4 

0.05 

0.9 

5,800 

Reacted  Powders 

[ZrTiOsl-precursor 

1.2 

1.00 

3.5 

43 

PZT-AS 

0.50 

1.50 

3.8 

16 

pzr-M 

2.97  1 

0.25 

1.1 

85 

ZTP-AS 

1.09 

0.68 

1.8 

18 

ZTP-M 

2.70 

0.27 

0.8 

26 

■^Micromereric  Sedigraph  (Model  50(X)). 


Table  II 

Dielectric  and  piezoelectric  properties  of  PZT  and  ZTP. 
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Figure  4.  SEM  photomicrographs  of  ZTP-M  samples  fired  at  (a)  1000*C  and 
(b)  1200‘C,  respectively  (fracture  surfaces). 
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CONVENTIONALLY  PREPARED  SUBMICRON  LEAD-BASED  PEROVSKITE  POWDERS 

BY  Reactive  Calcination 

T.R.  Shrout,  P.  Papet,  S.  Kim,  G.S.  Lee 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

abstract 

Submicron  powders  of  various  lead-based  perovskites,  including  PbTiOs,  PbZrOa, 
Pb(Zr.53Ti.47)03  and  Pb(Mgi/3Nb2/3)03  were  prepared  by  a  reactive  calcination  process.  Using 
only  reagent  grade  raw  materials  and  conventional  processing  techniques,  highly  reactive  powders 
were  produced  by  reacting  the  materials  near  the  point  of  maximum  volume  expansion.  At  this 
point,  the  morphological  development  results  in  a  skeletal  type  structure  consisting  of  ultra-fine 
particulates  that  can  be  readily  broken  down  further  by  milling.  Powder  sizes  less  than 
0.3  microns  and  as  small  as  70  nanometers  generally  only  achieveable  using  chemical  processing 
techniques,  were  achieved.  The  highly  reactive  powders  allowed  densification  to  occur  at 
temperatures  as  low  as  -  900*C  with  correspondingly  small  grain  sizes.  A  model  describing  the 
physiochemical  behavior  and  associated  morphological  development  of  Pb-based  perovskites  was 
herein  proposed. 

introduction 

Lead-based  perovskites  having  the  general  formula  Pb(B)03  encompass  a  large  family  of 
materials  utilized  in  a  wide  range  of  applications  including:  multilayer  capacitors,  piezoelectric 
sensors  and  transducers,  electrostrictive  actuators,  pyroelectric  detectors,  and  optical  devices.U-^) 
Included  are  simple  perovskites  such  as  PbTi03  and  PbZr03,  and  solid  solutions  therein  (PZT) 
and  more  recently  complex  perovskites  Pb(B  182)03  such  as  Pb(Mgi/3Nb2/3)03  [PMN]  which 
belong  to  the  family  known  as  relaxor  ferroelectrics.1^ 

To  continually  optimize  the  performance  of  Pb-based  perovskites,  various  methods  to 
produce  submicron  powders  for  enhanced  reactivity,  uniformity,  and  reduced  grain  size  have  been 
developed.  Methods  include  chemical  synthesis  techniques  such  as  co-precipitation  of 
alkoxides,(8**0)  molten  salt,Ul)  and  hydrothermal.!  12- 14)  However,  most  chemical  synthesis 
techniques  are  relatively  costly  and  do  not  lend  themselves  for  mass  production.  Comminution  of 
conventionally  prepared  calcined  powders  to  submicron  levels  have  been  achieved  through  high 
energy  milling,  but  generally  results  in  excessive  contamination  and  require  extended  milling 
times.!i^>l^) 


Enhanced  reactivity  and  subsequent  densification  of  conventionally  prepared  Pb- based 
perovskites  has  been  reponed  being  related  to  the  calcination  conditions.  VenkataraminiO^  found 
that  enhanced  densification  of  PZT  could  be  achieved  by  only  panially  reacting  the  component 
powders.  The  enhanced  densification  was  believed  to  be  the  result  of  a  reactive  sintering  process* 
which  occurred  during  the  final  stages  of  perovskite  formation.  Though  no  explanation  was  given, 
Takagi  et.  al^^^^  observed  enhanced  densification  for  partially  calcined  Pb-based  perovskites  which 
reportedly  possessed  a  PbO-rich  surface  layer  on  the  B-site  component  oxides. 

It  is  the  physiochemical  nature  of  Pb-based  perovskites  that  upon  reaction  of  the  component 
oxides  a  large  volume  expansion  occurs.  This  corresponding  expansion  is  believed  to  be 
associated  with  the  formation  of  phase(s)  possessing  a  larger  molar  volume  tnan  the  individual 
components  or  "topology"  of  the  reaction  which  leads  to  rapid  coarsening  of  the  highly  reactive 
product  layer  resulting  in  a  porous  skeletal  type  structure.n7.19)  Schematically  shown  in  Fig.  1, 
perovskite  formation  through  the  reaction  of  PbO  and  B-site  oxide(s)  involves  the  uni-directional 
diffusion  (transfer)  of  PbO  (Pb+^and  ions)  through  the  product  layer. Studies  on  the 
reaction  formation  of  PZT  showed  that  drastic  morphological  changes  occur  at  or  near  the 
associated  volume  expansion(s)  which  may  result  in  particle  sizes  smaller  than  that  of  the  initial 
staning  powders.  Further,  it  is  our  belief  that  at  such  a  point  of  expansion,  the  reacted  powders 
will  require  less  energy  to  allow  funher  reduction  in  size,  that  is,  the  skeletal  structure  can  be 
readily  broken  down. 

The  objective  of  this  work  was  to  demonstrate  the  possibility  of  obtaining  submicron 
Pb-based  perovskite  powders,  through  knowledge  of  their  physiochemical  behavior  while  utilizing 
only  conventional  processing  techniques.  Proposed  mechanism(s)  for  enhanced  densification  are 
also  discussed. 

EXPERIMENTAL  PROCEDURE 

The  lead-based  materials  chosen  for  this  study  included  the  simple  perovskites  PbTi03 
[PT],  PbZr03  [PZ],  the  solid  solution  Pb(Zr.53Ti .47)03  [PZT]  and  the  complex  perovskite 
Pb(Mgi/3Nb2/3)03  [PMN].  Reagent  grade  raw  materials  of  lead  carbonate  hydroxide 
2PbC03  Pb(0H)2  or  PbO  (yeliow)(a),  magnesium  carbonate  hydroxide  MgC03  Mg(0H)2(^\ 

*The  tenn  "reactive  sintering"  is  herein  defined  as  a  process  by  which  densification  is  enhanced  as  the  result  of  an 
accompanying  phenomena,  e.g.,  chemical  reaction,  phase  transformation,  etc.,  which  is  greatly  beneficial  to 
diffusion  and  the  overall  sintering  phenomena. 

^‘^Hammond  Lead  Products.  White  Lead  HLP-A  or  PbO  (yellow)  99%).  Hammond,  IN. 

(^^Fischer  Scientinc  Co.,  Magnesium  Carbonate  (purified  grade),  Pittsburgh,  PA. 


titanium  dioxide  (Ti02)^‘=),  niobium  pentoxide  (Nb205)(<i),  and  zirconium  dioxide  (Zr02)^®)  were 
used  to  prepare  the  compounds.  The  component  powders  were  characterized  by  determining  their 
as-received  surface  area,  and  particle  size.  Equally  important  as  particle  size,  the  degree  of 
agglomeration  of  the  powders  was  estimated  from  the  ratio  of  the  median  equivalent  spherical 
volume  from  the  particle  sizing  technique  to  the  average  volume  calculated  from  specific  surface 
area  (esd-equivalent  spherical  diameter)  measurements.  The  ratio,  designated  as  the  average 
agglomeration  number  (AAN(50))  represents  an  estimate  of  the  number  of  primary  particles  in  each 

agglomerate.(2l) 

The  powder  characteristics  are  reported  in  Table  I.  No  particle  size  and  thus  AAN(50) 
values  for  the  magnesium  carbonate  hydroxide  powder  were  reponed  due  to  itc  intrinsically  poor 
dispersion  characteristics.  As  presented  and  confirmed  by  SEM  photomicrographs  (not  shown) 
the  magnesium  carbonate  and  zirconium  dioxide  powders  were  highly  agglomerated. 

Since  intermediate  reactions  may  occur  in  the  formation  of  PZT  and  PMN  when  starting 
from  individual  oxides,  the  B-site  oxides  were  pre-reacted  following  the  established  B-site 
precursor  method  developed  by  Swartz  and  Shrout.^^^)  jhg  precursor  method  was  as  follows: 

0.53  Zr02  +  0.47  Ti02  ~1400‘C/4  hr-*  Zro.53Tio,47C)2  (Rutile)  (1) 

MgO  +  Nb205  ~1 100*  C/4  hr^  MgNb206  (Columbite)  (2) 

Once  formed,  reaction  of  the  precursor  with  PbO  eliminates  (or  suppresses)  intermediate  phases 
while  going  directly  to  the  perovsldte  phase  as  given  in  the  following  expressions. 

-  Zr.53Ti.47O2  - >  Pb(Zr.53Ti.47)03  [PZT] 

PbO  B-site  precursor  (Perovskite)  (3) 

-  l/3MgNb206 - >  Pb(Mgi/3Nb2/3)03  [PMN] 

For  this  study,  the  Zr.53Ti  47O2  and  MgNb206  precursors  were  prepared  by  either 
vibratory (0  or  attrition^*)  mixing/milling  stoichiometric  amounts  of  the  component  raw  materials  in 

(<^)whiltaker,  Clark,  and  Daniels.  Ti02  (USP  grade-99%),  Pittsburgh,  PA. 

('^^Fansteel  Nb205  (technical  grade).  North  Chicago,  IL. 

(*)Harshaw/Filtrol.  Zr02  (electronic  grade),  Cleveland.  OH. 

(^Sweco,  Inc.,  Model  M-18-5,  Florence,  KY. 

^8^nion  Process,  Inc.,  Model  01,  Akron,  OH. 


ethyl  alcohol  or  deionized  H2O  and  polyelectrolyte  dispersant/*')  Upon  drying,  the  powders  were 
calcined  in  alumina  crucibles.  The  calcined  slugs  were  pulverized  using  a  hammertnill  through  a 
0.2  mm  screen.  The  powders  were  examined  by  x-ray  diffraction  (XRD)  to  insure  phase  purity. 
The  powder  characteristics  of  the  precursors  are  also  reported  in  Table  I,  possessing  relatively 
large  particle  sizes  (~  2-3  p.)  being  only  slightly  agglomerated. 

Stoichiometric  mixtures  of  PbO  and  the  B-site  components  were  prepared  as  above.  The 
source  of  PbO,  either  lead  carbonate  hydroxide  or  PbO  (yellow)  was  based  on  ease  of  dispersion 
in  deionized  H2O  or  alcohol,  respectively.  To  determine  the  calcining  temperature  at  which 
maximum  volume  expansion  occurs,  disks  approximately  0.5"  (1.3  cm)  in  diameter  and  3-5  mm 
thick  were  pressed.  The  disks  were  placed  in  a  furnace  (open  air)  and  heated  at  a  rate  of  1 20* C/hr. 
Above  500*C,  disks  were  quenched  at  50*C  intervals  being  pulled  directly  from  the  furnace  and 
allowed  to  cool  in  air.  Sample  geometries  were  used  to  determine  the  degree  of  expansion  or 
shrinkage.  The  disks  were  then  crushed  and  x-ray  powder  diffraction  analysis  performed  to 
determine  the  degree  and  amount  of  phase(s)  reaction.  Based  on  these  results,  large  quantities 
(-  kg)  of  loosely  packed  powders  were  prepared.  The  powders  were  calcined  for  4  hrs 
approximately  50*C  below  the  temperature  of  maximum  expansion  to  allow  for  kinetics.  The 
powder  characteristics  and  XRD  of  the  reacted  materials  were  determined  to  evaluate  the  effect  of 
thermal  history.  Determination  of  the  ferroelectric  (PT,  PZT)  and  anti-ferroelectric  (PZ)  phase 
transitions  (Tc)  by  differential  thermal  analysis  (D.T.A.)  was  also  used  to  confirm  the 
completeness  of  the  perovskite  phase  formation.  No  analysis  was  performed  on  PMN  wing  to  the 
characteristic  diffuse  phase  transition  of  relaxor  ferroelectrics. 

Slurries  of  the  calcined  powders  in  ethyl  alcohol  or  deionized  H2O  were  prepared  as  before 
and  attrition  or  vibratory  milled  4  or  48  hrs,  respectively.  Preliminary  investigations  revealed  that 
longer  milling  times  did  not  significantly  result  in  further  size  reduction.  No  attempt  to  determine 
optimum  milling  times  having  were  made.  The  milled  powders  were  then  characterized  for  specific 
surface  area.  Due  to  the  fact  that  the  powder  size(s)  were  below  or  near  the  limits  of  the  particle 
sizing  technique,  particle  size  was  determined  through  the  equation: 


pS.  A.  (4) 

where  p  is  the  theoretical  density,  S.A.  the  specific  surface  area,  and  D  the  calculated  primary 
particle  size.  TEM  analysis  was  used  to  confirm  particle  size  as  well  as  the  degree  of 
agglomeration  and  morphology. 


and  Haas,  Tainol-901,  Philadelphia,  PA. 


Preliminary  sintering  studies  of  disks  pressed  with  milled  powders  of  PMN  and  PZT  were 
performed  to  determine  the  influence  of  highly  reactive  powders  on  the  sintering  kinetics. 

RESULTS  AND  DISCUSSION 

The  change  in  volume  of  the  uncalcined  powder  compacts  as  a  function  of  temperature  are 
plotted  in  Fig.  2.  Only  one  distinct  volume  expansion  maximum  was  found  for  individual 
mixtures,  corresponding  to  only  one  reaction,  that  being  perovskite  formation.  As  shown,  the 
temperature  of  volume  expansion  occurred  ~  600-650*C  for  PT,  750-800'C  for  PZ,  800-850‘C  for 
PZT,  and  700-750*C  for  PMN.  Naturally,  the  point  of  maximum  volume  expansion  and 
corresponding  temperature  range  is  dependent  on  homogeneity,  packing  density  and  powder 
characteristics  which  may  effect  the  overall  kinetics  of  reaction.  Also  shown  in  Fig.  2,  x-ray 
diffraction  results  confirmed  the  single  step  reaction  to  the  perovskite  phase  as  proposed  earlier  in 
equation  (3).  Though  commonly  reponed  in  the  formation  of  perovskite  PMN,  no  pyrochlore 
phase(s)  were  observed.^^^-^^) 

Instinctively,  one  expects  that  the  powder  compacts  should  shrink  on  heating  as  a 
consequence  of  higher  product  densities.  As  stated  earlier,  the  associated  volume  expansion  is 
believed  to  be  associated  with  uni-directional  PbO  diffusion  (Pb+2  and  0*2  ions)  occuring  at  a 
reaction  layer  at  B-site  oxide  contact  surfaces  (see  Fig.  1),  A  more  descriptive  schematic  of  the 
reaction  process  and  associated  morphological  changes  is  presented  in  Fig.  3,  whereby  the  larger 
PbO  particles  are  assumed  to  be  surrounded  by  the  smaller  B-site  component  oxides.  Upon 
reaction,  an  expansion  comes  from  the  fact  that  the  reaction  perovskite  phase  possesses  a  different 
molar  volume  than  that  of  one  or  both  of  the  individual  component  oxides.  This  volume 
change/reaction  enhances  the  formation  of  defects  and  fissures,  consequently  creating  additional 
opponunities  for  surface  and  boundary  diffusion.(2'*)  This  continuously  changing  structure  thus 
results  in  a  skeletal  type  structure  comprised  of  "spongy"  particulates  confirmed  experimentally 
SEM  for  a  reacted  PMN  powder  compact  as  shown  in  Fig.  4a.  With  funher  thermal  energy,  the 
highly  reactive  particulates  rapidly  coarsen,  resulting  in  an  increase  in  porosity.  This  funher 
volume  increase  schematically  presented  in  Fig.  3  and  experimentally  in  Fig.  4b,  is  the  result  of 
inhomogeneous  densification  owing  to  the  low  coordination  number  of  the  reaction  regions,  as 
observed  in  other  ceramic  systems.(25)  it  is  at  these  critical  stages  of  morphological  development, 
that  can  result  in  particulate  sizes  significantly  finer  than  the  starting  powders  and  whereby  can  be 
readily  broken  down  funher  with  milling.  To  describe  this  phenomena,  the  term  "reactive 
calcination"  is  herein  defined  as  the  process  by  which  highly  reactive  powders  of  the  desired 
phase(s)  are  produced  due  to  morphological  changes  in  the  starting  raw  materials. 


The  physical  characteristics  of  the  various  powders  (large  batches)  rcactively  calcined  near 
the  point  of  maximum  volume  expansion  are  reported  in  Table  II.  Except  for  the  PMN  powder, 
which  contained  ~  10%  pyrochlorc,  all  the  powders  vvere  fully  reacted.  It  is  imponant  to  realize 
that  it  is  desirable  that  the  perovskite  formation  reac.ion  by  complete  prior  to  the  firing/sintering 
step,  since  further  morphological  changes  may  hinder  densification  and  overall  homogeneity.  Also 
presented  in  Table  II,  all  the  powders  had  relatively  large  surface  areas  (>  1-2  m^/g)  and  fine 
primary  particle  sizes.  Though  calcined  below  the  temperature  of  maximum  volume  expansion  the 
large  powder  batches  possessed  correspondingly  similar  surface  areas.  Upon  milling,  the  powder 
surface  areas  increased  more  than  double  with  particle  sizes  as  fine  as  70  nanometers  for  PMN. 
Perovskite  powders  having  particle  sizes,  generally  only  achieveable  using  sophisticated  chemical 
processing  techniques  were  thus  obtained. 

Though  more  complex,  the  finest  powders  were  achieved  for  the  PMN  which  possessed 
the  largest  volume  expansion  during  reaction.  The  calculated  particle  sizes  were  confirmed  by 
TEM  analysis,  as  reponed  in  Table  II.  Representative  TEM  photomicrographs  of  PZ  and  PT 
powders  are  shown  in  Fig.  5.  Commonly  observed  for  ultra-fine  powders,  the  PZ,  PMN,  and 
PZT  materials  were  agglomerated  owing  to  the  influence  of  van  der  Waals  attractive  inteimolecular 
interactions  which  take  on  a  greater  importance  as  particle  size  decreases.^^fi)  Interestingly,  the  PT 
powder  was  less  agglomerated  (see  Fig.  5c)!  This  behavior  was  believed  to  be  related  to  the  large 
polarization  that  develops  upon  cooling  through  the  paraelectric-ferroclectric  transition  (Tc)  and 
hence  modifies  the  surface  charge.  However,  more  understanding  of  the  relationship  between 
surface  charge  and  polarizability  is  required. 

The  results  of  the  sintering  study  performed  on  the  reactively  calcined  PMN  and  PZT 
materials  are  summarized  in  Fig.  6.  As  found,  the  submicron  prepared  powders  densified  at 
temperatures  100-200*C  lower  than  that  generally  reponed  for  conventionally  processed 
materials. U. 2. 54,5)  ^iso  shown,  milling  funher  enhanced  the  reactivity  and  subsequent 
densification  of  PMN  and  PZT  ceramics  with  densities  >  90%  theoretical  obtained  at  firing 
temperatures  as  low  as  900’C.  The  resulting  grain  sizes  for  dense  samples  were  also  found  to  be 
relatively  small  in  the  ^  1  p.  range. 

It  was  previously  suggested  that  the  improved  densification  of  PbO-based  perovskites  was 
the  result  of  a  reactive  sintering  process,  whereby  densification  was  enhanced  owing  to  the  on¬ 
going  completion  of  phase  formation.  In  this  work,  however,  x-ray  diffraction  analyses  clearly 
indicated  that  the  powders  were  crystalline  and  stoichiometrically  single  phase.  In  addition, 
D.T.A.  results  of  Te’s  (see  Table  II)  were  found  to  be  in  agreement  with  reponed  values. (2)  Thus, 
the  enhanced  sintering  comes  simply  from  the  fact  that  highly  reactive  powders  could  be  produced 
by  a  reactive  calcination  process  being  realized  as  a  result  of  morphological  changes  associated 


with  the  formation  of  PbO-based  perovskite  materials.  Funher  it  was  these  morphological 
developments  that  allowed  additional  reactivity  through  particle  size  reduction  by  milling. 


CONCLUSION 

In  this  work  the  physiochemical  behavior  during  the  formation  of  lead-based  perovskitcs 
(PbB03)  was  investigated  and  modeled.  Based  on  this  model,  it  was  proposed  that  highly  reactive 
powders  could  be  prepared  by  reacting  the  component  materials  near  the  point  of  maximum 
expansion.  At  this  point,  the  associated  morphological  development  results  in  a  spongy/skeletal 
type  structure  consisting  of  ultra-fine  particulates  that  can  be  readily  broker,  down  further  by 
milling.  Using  this  concept  of  "reactive  calcination"  fully  reacted  perovskite  powders  (simple  and 
complex)  of  PbTi03,  PbZr03,  Pb(21rTi)03,  and  Pb(Mgi/3Nb2/3)03  with  particle  sizes  <  0.3  4  and 
as  low  as  70  nanometers,  were  achieved  using  only  reagent  grade  raw  materials.  The  highly 
reactive  powders  allowed  densification  at  temperatures  100-200*C  lower  than  that  reported  for 
conventionally  prepared  materials. 

Naturally,  the  reactive  calcination  process  of  PbO-based  perovskites  can  be  further 
optimized  by  investigating  the  role  of  the  component  powder  characteristics  overall  homogeneity, 
packing  density  and  subsequent  milling  conditions. 

The  possibility  of  using  reactive  calcination  and  subsequent  milling  to  prepare  highly 
reactive  powders  of  additional  perovskites,  ferrites  (spinels  and  garnets)  and  other  systems 
prepared  from  multiple  components  needs  to  be  explored. 
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LIST  OF  FIGURES 


Figure  1.  Schematic  representation  of  formation  reaction  between  PbO  and  BO2  component 
materials. 

Figure  2.  Volumetric  expansion-shrinkage  characteristics  of  PT,  PZ,  PZT,  and  PMN  as  a 
function  of  temperature.  X-ray  diffraction  results: 

Open  character-O-starting  components 
Partially  filled-d-components  and  perovskite 
Filled-#-perovskitc 

Figure  3.  Schematic  representation  of  the  perovskite  PbB03  formation  reaction  and  associated 
morphological  changes. 

Figure  4.  SEM  photomicrographs  of  the  morphological  development  of  PMN  powder  during 
calcination  (a)  calcine  temperature-7 50* C,  (b)  800*C. 

Figure  5.  Representative  TEM  photomicrographs  of  reactively  calcined  and  milled  powders;  (a) 
PZ,  (b)  PT,  and  (c)  high  magnification  of  PT,  respectively. 


Figure  6.  Sintering  behavior  of  reacdvely  calcined  (a)  PMN  and  (b)  PZT  powder  compacts. 
Note:  M-milled  powder. 


Table  I 

Component  Powder  Characteristics. 


Material 

SpeciHc  Surface  Area 
(m^/g)  (esd  pm) 

^Median 

Particle  Size  (pm) 

AAN(50) 

White  Lead 
(2PbC03Pb(0H)2) 

0.82  (1.2) 

3.5 

25 

PbO  (yellow) 

0.54  (1.2) 

5.9 

120 

Magnesium  Carbonate 
(MgC03Mg(0H)2) 

24.5  (0.12) 

— 

— 

Titanium  Dioxide 
(T1O2) 

8.4  (0.17) 

0.44 

17 

Niobium  Pentoxide 
(Nb205) 

2.0  (0.67) 

1.4 

9 

Zirconium  Dioxide 
(Z1O2) 

21.4  (0.05) 

0.9 

5,800 

Precursors 

Zr.53Ti.47O2 

1.2  (1.0) 

3.5 

45 

MgNb206 

0.9  (1.3) 

2.5 

7 

^Micromcretic  Sedigraph  (Model  5(XX)) 


Table  II 

Physical  characteristics  of  reactive  calcined  perovskite  powders. 
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FABRICATION  OF  POROUS  ELECTROCERAMIC  STRUCTURES  BY  REACTIVE 
CALCINATION 


THOMAS  R.  SHRQUT.  YOUNG  S.  KIM.  and  JOSEPH  FIELDING.  JR. 

Pennsylvania  State  University.  150  Materials  Research  Laboratory.  University  Park.  Pa 
16802.  USA. 

S.  VENKATARAMANI 

General  Electric  Co.,  Schenectady,  NY  12301 

ABSTRACT:  It  is  the  physiochemical  nature  of  lead-based  perovskites  Pb(B)03  and 
pyrochlores  PbjfB 2)06-7  that  upon  reaction  of  the  component  oxides  a  large  volumetric 
expansion  occurs.  The  degree  of  expansion  is  strongly  dependent  on  the  starting  powder 
characteristics  (size,  distribution,  etc.).  The  corresponding  morphological  development  allows 
the  ability  to  obtain  highly  porous  skeletal  type  ceramic  structures.  Using  this  concept  of 
“reactive  calcination”  a  high  degree  of  controlled  porosity  (>  40%)  without  utilizing  fugitive 
phase  organic  or  volatile  components  can  be  obtained  as  a  result  of  inhomogeneous 
densification.  Potential  applications  include  PZT/polymer  composites  for  hydrophones, 
piezoclectrically  active  filters/membranes,  and  other  devices  (sensors)  whereby  a  large  “active’’ 
surface  area  is  desired. 

1.  INTRODUCTION 

Studies  on  the  physiochemical  nature  and  formation  process  of  Pb-  and  Bi-based 
perovskites  (ABO3)  and  pyrochlores  (A2B2O6-7)  including  the  layered  structure  BiaTUOn 
have  demonstrated  the  possibility  of  “smart  processing."  By  monitoring  the  point  of  maximum 
volume  expansion  during  the  reaction  process,  the  temperature  of  phase  formation  and  state  of 
optimum  agglomeration  (soft)  can  be  determined.U)  As  expected,  the  point  and  degree  of 
expansion  has  been  found  to  be  strongly  dependent  on  the  starting  powder  characteristics  such 
as  size.(2)  Using  the  concept  of  “reactive  calcination”  has  allowed  the  ability  to  produce 
submicron  to  nano  sized  powders  of  a  variety  of  commercially  viable  materiis  with  only 
reagent  raw  grade  materials  Fundamentally,  the  ability  to  produce  fine  powders  has  helped  the 
understanding  of  the  role  of  scale,  both  particle  and  grain  size,  on  ferroelectric  and  related 
bchavior.l^'^) 

In  addition  to  fine  powders,  the  same  morphological  development  associated  with  the 
formation  of  Pb-  and  Bi-based  materials  allows  the  ability  to  obtain  highly  porous  skeletal  type 
ceramic  structures  owing  to  inhomogeneous  densification.(5.6)  it  was  the  objective  of  this 
work  to  demonstrate  the  potential  of  using  reactive  calcination  to  fabricate  ceramic  structures 
with  controlled  porosity  without  utilizing  fugitive  phases  (organics)  or  foaming  techniques. 
Potential  applications  for  such  ceramic  structures  would  include  piezoelectric/polymer 
composites  for  hydrophones,  and  active  filters/membranes,  and  devices  such  as  sensors, 
whereby  a  large  “active”  surface  area  is  desired. 

2.  EXPERIMENTAL 

The  material  chosen  to  explore  the  potential  of  reactive  calcination  on  fabricating  highly 
porous  structures  was  the  solid  solution  Pb{Zr.53Ti .47)03  (PZT).  Reagent  grade  raw  materials 
used  are  described  in  Ref.  2.  Since  intermediate  reactions  occur  during  the  formation  of  the 
complex  perovskite  PZT,  the  B-site  precursor  method  after  Swartz  and  ShroutC^)  was  used 
whereby  the  refractory  B-site  oxides  Zr02  and  Ti02  were  pre-reacted  prior  to  reaction  with 
PbO  as  follows: 

-  1400’C/4  hrs. 

0.53  Zr02  +  0.47  Ti02  - >  Zr.53Ti,4202  (rutile) 

PbO Zr.53Ti .4702  - >  PZT  (perovskite) 
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As  reported  in  Ref.  2,  and  shown  in  Fig.  1,  the  volumetric  expansion-shrinkage 
behavior  during  the  formation  of  PZT  is  strongly  dependent  on  the  component  powder 
characteristics.  Based  on  this  work,  component  powders  of  comparable  size  ("  1.4  ^m)  (Case 
UD  were  selected  to  achieve  maximum  volumetric  expansion.  To  allow  for  a  finer  pore 
structure,  component  powders  with  large  size  differences  (PbO  »  ZT)  approximately  10:1 
(Case  IV),  were  also  used.  Following  mixing  in  de-ionized  H2O  and  polyelectrolyte 
(jispersant  at  a  pH  where  minimal  dissolution  of  Pb'*'^  occurs,  the  dri^  powders  were  pressed 
into  disks. 

To  induce  expansion,  the  disks  were  then  placed  in  an  open  furnace  and  heated  at  a  rate 
of  -  lOO'C/hr  to  a  temperature  near  the  point  of  maximum  volumetric  expansion.  Upon 
cooling,  sample  geometries  revealed  that  the  degree  of  expansion  was  >  45%  for  (Tase  III  and 
_  25%  for  Case  IV.  The  expanded  disks  were  then  fired  in  closed  alumina  crucibles  in  the 
range  of  1050’C  to  1200*C  for  2  hrs.  to  achieve  well  developed  microstructures,  i.e.,  grain 
growth.  PbZr03  powder  was  used  to  prevent  PbO  volatility.  The  fired  disks  were  physically 
characterized  for  weight  loss,  geometric  density,  and  pore/channel  size  (SEM).  The  samples 
were  electroded  (Au-sputter)  and  poled  at  30  Kv/cm  at  120'C  for  5  minutes.  Following 
poling,  the  dielectric  and  piezoelectric  properties  were  determined. 


Figure  1.  Volumetric  expansion-shrinkage  characteristics  of  PZT  as  a  function  of  temperature  for  various 

component  sizes  (ref.  2). 

3.0  RESULTS  AND  DISCUSSION 

Physical  characteristics  of  the  fired  PZT  samples  are  reported  in  Table  I.  As  presented, 
little  densificadon  occured  even  at  temperatures  as  high  as  1200*C.  As  expected,  this  behavior 
is  the  result  of  lowering  the  effective  coordination  number  of  reacdon  regions  leading  to 
inhomogeneous  densificadon.  Densities  as  low  as  60%  (Case  III)  with  well  developed 
microstructures,  facetted  grains  (~  4  iim)  were  achieved  (see  Fig.  2)  Similar  microstructures 
were  observed  for  the  more  reactive  PZT  powder  (Case  IV)  reaching  densities  -  86% 
theoretical  at  1200"C  and  only  80%  1050*C — 1 100*C  (see  Fig.  2b). 
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The  ability  to  handle  and  pole  the  highly  porous  samples  further  testifies  to  their  well 
developed  microstructures  and  overall  mechanical  integrity.  In  contrast  to  porous  PZx 
compacts  prepared  via  organic  fugitive  phases  (plastic  spheres)  for  composite  hydrophones, <8) 
the  microstructures  presented  in  this  work  possess  uniform  columnar  (grain  to  grain) 
connectivity  as  compared  to  the  sharp  angular  and  constricting  connectivity  associated  with  the 
geometry  of  the  fugitive  phase.  In  addition,  volatilization  of  the  fugitive  phase  can  lead  to 
disruption  of  the  deUcate  microstructure. 

The  uniformity  and  connectivity  of  the  PZT  skeletal  structure  is  also  substantiated  by 
the  dielectric  and  piezoelectric  properties  reported  in  Table  I.  The  relatively  high  K  and  d33 
values  reflect  significant  parallel  connectivity  of  the  PZT  grains  allowing  poling.  Naturally, 
with  increasing  porously  the  mechanical  Q  decreased. 


-  ^ 
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Figure  2.  SEM  photomicrographs  of  sintered  reactively  calcined  P2T  disks  a)  Case  HI — 12(X)*C72  his — left,  b) 

Case  IV— 1050‘C/2  hrs— right 

TABLE  1. 

Characteristics  of  Inhomogeneity  Densified  PZT  Disks. 


Sample 

Firing 

Conditions 

Density 
(%  Tbeo.) 

Grain  Size 
(Mm) 

’DIelectrh 

K 

;  (I  kHz) 
Loss 

C/N) 

kp  (%) 

*PZT 

2  1200'C 

-95% 

25 

-700 

-.01 

200 

45 

PZT  (Casein 

I  12(X)’C 

60% 

-4 

250 

.01 

70 

13 

PZT  (Case  rv 

il050/U00'C 

80% 

-3 

500 

.01 

100 

15 

1200’C 

86% 

-4 

550 

.01 

135 

23 

4.0  SUMMARY 

Potential  applications  using  the  reactive  calcination  process  and  subsequent 
inhomogeneous  denstficadon  are  as  follows: 

j)  Piezoelectric  Composite  Hydrophoacs: 

The  highly  porous  PZT  skeletal  structures  can  be  back-filled  with  a  polymer  resulting  in 
3:3  composites,  being  similar  to  other  PZT/polyraer  composites  developed  for 
hydrophones.^*®! 

2)  Piezoelectrically  Active  Fillers/Membranes: 

The  ability  to  control  the  level  and  scale  of  porosity  in  a  piezoelectrically  acdve  skeletal 
structure  offers  the  potential  for  an  active  filter  membrane.  Enhancement  of  the  filtering 
process  may  arise  from  the  resonating  structure  acting  as  a  micrxr-pump  and/or 
de-clogging  device. 

3)  Sensors: 

The  large  “active"  surface  area  through  reactive  calcination  offers  an  alternative 
fabrication  method  for  sensors,  e.g.,  PZT  humidity  sensors.f**! 
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Abstract  The  growth  ol  several  lerroelectric  and  polar  compounds 
have  been  grown  using  a  modified  float  zone  technique.  The  growth 
technique  is  described  and  the  results  ol  property  measurements  are 
presented. 


INTRODUCTION 

Growth  of  single  crystal  libers  with  light  guiding  structures  is  both  of  scientific  and 
technological  interest.  The  technological  aspect  has  gained  an  added  importance  because 
ol  the  rapid  deployment  of  optical  fibers  in  communication  systems.  For  such  systems  liber 
geometry  compatible  devices  may  be  possible  from  single  crystal  fibers.  The  fiber  geometry 
may  also  find  improved  applications  in  sensor  devices,  where  crystals  grown  by  bulk  methods 
are  presently  in  use. 

The  first  attempt  to  grow  single  crystals  by  a  laser  powered  modified  float  zone 
technique  was  accomplished  by  Gasson  and  Cockayne.’  They  were  able  to  grow  5mm 
diameter  AI2O3.  MgAl204  and  other  refractory  compositions.  Burrus  and  Stone  later  applied 
a  similar  technique  to  grow  SOpm  to  IZSpm  diameter  Nd :YAG  single  crystal  fibers.^  More 
recently,  the  technique  has  been  used  to  grow  optically  nonlinear  materials  such  as  LiNb03 
and  p-BaB204.^'^  This  poster  will  describe  the  growth  ol  sever2ri  oxide  lerroelectric 
compositions  and  present  the  results  of  different  characterization  techniques  to  assess 
crystal  quality  and  qualitative  ferroelectricrty. 

LASER  HEATED  PEDESTAL  GROWTH  fLHPG)  TECHNIQUE 

The  LHPG  technique  is  a  modified  float  zone  technique  where  the  melt  is  supported  by  the 
surface  tension  of  the  molten  zone.  Figure  t .  Radiation  from  a  50  watt  CO2  laser  is 
introduced  into  the  growth  chamber  and  is  directed  through  a  series  of  optical  components 
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and  Incident  upon  a  concave  parabolic  mirror.  T?ie  ceramic  preform  or  single  crystal  feed  rod 
is  placed  vertically  in  line  with  the  major  axis  of  the  parabolic  mirror.  The  hot  zone  is  located  at 
the  parabolic  focal  point.  The  vertical  motion  of  the  teed  rod  and  the  putted  crystal  are 
controlled  by  high  precision  pulling  heads.  Further  details  concerning  the  technique  can  be 
found  in  the  literature.^ 


The  teed  rods  were  made  by  either  a  mixed  oxide  method  or  via  an  organometallic  route.  The 
powders  were  pressed  into  3  cm  diameter  pellets  and  sintered.  The  ceramic  preforms  were 
then  cut  to  the  appropriate  size. 

Crystals  from  a  number  of  different  structural  and  compositional  familes  as  well  as 
congruenlly  and  Incongruentfy  melting  compounds  were  grown  to  test  the  capabilities  of  this 
technique.  These  included  members  from  the  perovskito.  tungsten  bronze,  pyroniobate 
and  fresnoite-type  families,  Figure  2. 
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Figure  2.  Examples  of  pyrotitanate  single  crystal  fibers,  La2Tl207  (top)  and 
Nd2Tl207  (bottom). 
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The  LHPG  technique  has  proven  to  be  a  powerful  technique  in  the  growth  of  shaped 
ay  slats.  Both  congruently  and  incongniently  melting  compositions  can  be  grown  with  this 
technique  and  therefore  offers  the  possiblity  ot  studying  materials  that  are  difficult  to  grow  by 
other  methods. 
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Transmission  electron  microscope  examination  of  BajTiSiA  has 
revealed  a  new  incommensurate  phase.  The  incommensurate  reflections 
occur  along  <100),  and  in  the  hklll  level.  At  elevated  temperatures 
the  incommensurate  reflections  disappear;  it  is  suggested  that  the 
property  anomalies  previously  reported  in  this  material  at  160°C  are 
due  to  the  onset  of  the  incommensuration.  Differences  and  similarities 
with  other  related  compounds  arc  discussed. 


1.  INTRODUCTION 

FRESNOITE,  BaTiSiA  (BTS),  is  a  relatively  rare 
mineral  found  in  sanbornite-bearing  metamorphic 
rocks  [I].  It  has  been  studied  primarily  for  its  polar 
properties,  w  here  much  of  the  work  was  centered  on 
the  possibility  of  using  BTS  in  surface  acoustic  wave 
devices  [2],  Fresnoite-based  materials  can  be  fabricated 
through  the  polar  glass-ceramic  process  [3].  A  com¬ 
parative  study  betw  een  single  crystals  of  BTS  and  the 
related  polar  glass-ceramics  revealed  an  unusual 
anomaly  at  IbO^’C  [4],  TTe  most  striking  signature  of 
this  anomaly  was  found  in  the  pyroelectric  behavior. 
With  increasing  temperature  the  pyroelectric  coefficient 
increases  steadily  until  IbO’C,  whereupon  it  decreases 
rapidly,  passing  through  zero  at  190'’C.  A  broad  peak 
in  the  dielectric  constant  and  the  piezoelectric  coup¬ 
ling  coefficient  were  also  indications  of  the  anomaly. 
Although  these  anomalies  suggested  a  phase  transition 
at  160°C  in  BTS,  single-crystal  structure  refinements 
at  25  and  300°C  resulted  in  satisfactory  residuals  within 
the  same  space  group  [5].  This  result  seemed  to  rule 
out  the  possibility  of  a  phase  transition,  and  although 
several  possible  explanations  were  presented  (cancel¬ 
lation  of  primary  and  secondary  effects  [4],  anomalies 
in  the  elastic  constants  [5],  which  have  since  been 
obsened  by  Chang  and  Bhalla  [6]),  the  cause  of  the 
anomaly  remained  unclear. 

The  germanium  analog  of  BTS,  Ba2TiGeA 
(BTG),  has  two  phase  transitions:  a  ferroelastic  phase 
transition  at  850° C,  and  an  unusual  low-temperature 
transition  at  -  50°C  on  cooling,  0°C  on  heating.  An 
incommensurate  modulation  of  the  structure  exists 


throughout  the  temperature  range  850°C  to  —  50°C 

Ul 

Transmission  electron  microscope  (TEM)  exam¬ 
ination  of  single  crystals  of  BTS  has  revealed  a 
previously  unreported  set  of  superlattice  reflections. 
We  show  that  these  reflections  are  incommensurate. 
This  communication  reports  on  the  incommensurate 
phase  in  BTS,  its  relationship  with  the  I60°C  anomaly, 
and  its  correspondence  to  similar  compounds. 

2.  EXPERIMENTAL 

Several  different  samples  were  used  in  this  study. 
Single  crystals  of  BTS  were  grown  by  the  Czochralski 
technique,  and  with  a  miniature  float  zone  technique 
from  ceramic  feed  stock  and  Czochralski-grown  BTS 
seeds.  Ceramic  samples  were  prepared  through  a  con¬ 
ventional  mixed-oxide  technique. 

The  samples  were  ion-beam  thinned  and  examined 
initially  at  room-temperature  with  a  Philips  420  TEM. 
All  samples  showed  identical  diffraction  patterns; 
therefore  we  will  only  discuss  the  Czochralski-grown 
sample.  This  crystal  was  also  examined  on  a  J.E.O.L. 
200  CX  Electron  Microscope  equipped  with  a  Gatan 
model  628  hot  stage. 

The  crystal  used  in  the  previous  structure  refine¬ 
ments  of  Markgraf  et  al.  [5]  was  reexamined  with  an 
X-ray  precession  camera  operating  with  filtered  MO 
radiation. 

3.  RESULTS 

Previous  studies  on  single  crystals  of  BTS  showed 
a  tetragonal  cell  in  space  group  PAbm  (C;^), 
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Fig.  1.  BTS  single  crystal  zone  a.xis  <00  1  >  electron 
diffraction  pattern;  (a)  room  temperature;  (b)  elevated 
temperature. 

a  =  8.52  A.  c  =  5.21  A.  Figure  I  presents  a  zone  axis 
<00  1  >  electron  diffraction  pattern  from  a  BTS  single 
crystal.  Tne  arrows  mark  the  weak  reflections  we  con¬ 
sider  as  incommensurate.  These  reflections  occur  at 
(1  -f-  S)a*  13,  where  S  =  0.20,  although  the  accuracy 
of  this  measurement  is  not  high.  Electron  diffraction 
patterns  on  tilted  [001]  samples  show  incommen¬ 
surate  reflections  in  the  hkl/l  level  (Fig  2).  These 
reflections  effectively  double  the  c  lattice  parameter. 
Figure  3  shows  the  room-temperature  tluw-dimensional 
reciprocal  lattice  of  BTS. 

The  single  crystal  used  in  the  structure  analysis  of 
Markgraf  et  al.  [5]  was  examined  with  a  X-ray  preces¬ 
sion  camera  for  reflections  in  the  hk\l2  level.  An 
extremely  long  exposure  (six  weeks)  confirmed  the 
presence  of  the  incommensurate  reflections  in  this 
sample. 
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Fig.  2.  BTS  single  crystal  lilted  zone  axis  <001) 
electron  diffraction  pattern;  (a)  room  temperature;  (b) 
elevated  temperature. 


Heating  the  sample  in  situ  within  the  electron 
microscope  revealed  that  the  incommensurate  reflec¬ 
tions  become  progressively  weaker,  until  they  are  no 
longer  observable  (Figs.  I  and  2).  The  incommensurate 
reflections  reappear  with  no  noticeable  difference  in 
position  or  intensity  upon  cooling  to  room-temperature. 
The  specimen/furnace  assembly  utilized  in  this  hot- 
stage  can  lead  to  large  thermal  difference  between  the 
temperature  at  the  obsenation  area  and  the  thermo¬ 
couple  readout  from  the  microscope  furnace.  We  are 
therefore  reluctant  to  compare  the  transition  tem¬ 
perature  obtained  from  the  microscope  hot-stage  with 
the  temperature  obtained  from  property  anomalies; 
they  are  however  within  the  same  range  (Fig.  lb  was 
obtained  with  a  furnace  temperature  of  345®C,  Fig.  2b 
was  obtained  with  a  furnace  temperture  of  210°C  on 
a  subsequent  run). 

Dark-field  imaging  using  several  incommensurate 
reflections  showed  the  presence  of  domains  (Fig.  4). 
These  domains  arc  very  fine,  on  the  order  of  1 00  nm  in 
size,  and  show  very  weak  contrast.  On  the  lower 
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Fig.  3.  Three-dimensional  view  of  the  observ  ed  recipro- 
caf  lattice  found  in  BTS  at  room  temperature  with 
electron  diffraction.  The  thick  lines  outline  the  proto- 
tv  pic  tetragonal  unit  cell,  the  thin  lines  serve  as  a  guide 
for  the  eve. 

energy  microscope  (Philips:  1 20  kV)  we  observed  only 
a  mottled  background:  with  the  higher  energy  micro¬ 
scope  (J.E.O.L:  200  kV)  the  contrast  was  much  better. 
Unfortunately  we  could  not  isolate  reflections  along 
just  the  <100)  direction  or  the  <0  I  0)  direction  for 
dark-field  work.  We  had  hoped  to  determine  if  dif¬ 
ferent  domains  were  excited  by  using  reflections  either 
along  <  1  00>  or  <0  I  0>. 

4.  DISCUSSION 

Previous  work  has  shown  that  BTS  has  the  same 
structure  at  room-temperature  and  at  300'’C  (5J. 
Because  of  the  structural  similarity  above  and  below 
160’C,  no  structural  explanation  was  available  for  the 
unusual  anomaly  observed  in  BTS.  How'ever,  the  tem¬ 
perature  behavior  of  the  incommensurate  reflections 
leads  us  to  the  conclusion  that  the  anomaly  in  BTS  is 
the  result  of  a  prototypic  to  incommensurate  type  of 
phase  transition.  Prototv  pe-lo-incommensurate  phase 
transitions  are  commonly  subtle  in  their  signature. 

There  are  several  unexplained  features  of  our 
TEM  analysis.  The  incommensurate  reflections  are 
strongest  in  the  center  of  the  hAO  diffraction  pattern. 
From  a  kinematical  treatment  this  indicates  that  the 
cause  of  the  incommensuration  may  be  compositional 
in  nature  (8).  Incommensurates  with  displacivc  origins 
may  show  the  incommensurate  reflections  becoming 
stronger  with  increasing  distance  from  the  center  of 
the  diffraction  pattern.  However  it  seems  unlikely  that 
the  cause  of  the  incommensuration  is  due  to  a  modu¬ 
lation  of  the  composition.  Rather  it  is  more  likely  that 
the  Debye-Waller  parameters,  ignored  in  the  above 
analysis,  play  a  major  role  in  the  intensity  of  the 
incommensurate  reflections.  It  should  be  noted  that 


not  all  incommensurate  crystals,  wherein  the  modu¬ 
lation  is  well  understood,  follow  a  simple  compo¬ 
sitional  lersi/s  displacivc  guideline  (e.g.  Rb-ZnCII. 
Ba.NaNbjOji)  in  their  diflTraction  behavior. 

We  are  uncertain  of  the  cause  of  the  domains 
formed  by  dark  field  imaging  the  incommensurate 
reflections.  Analysis  is  difficult  due  to  their  high 
density  and  weak  contrast.  One  possibility  is  that  they 
represent  discommensurations.  Discommensurations 
are  the  crystallographic  equivalent  of  antiphase 
boundaries,  in  that  they  are  imaged  with  satellite 
reflections,  or  in  this  case  incommensurate  reflections. 
Microscopically  discommensurations  represent  walls 
separating  commensurate  regions.  The  dark  areas  on 
Fig.  4  would  than  be  regions  with  a  different  modula¬ 
tion  vector,  areas  not  excited  by  the  incommensurate 
reflections  chosen.  Unfortunately,  because  of  the 
resolution  of  the  micrographs,  we  are  not  able  to 
correlate  the  density  of  the  domains  with  c).  or  analyze 
their  interactions  for  some  understanding  of  the 
symmetry  of  the  modulatibn  vector(s). 

As  mentioned  previously  the  germanium  analog 
of  BTS  has  an  incommensurate  phase,  and  this  incom¬ 
mensurate  phase  is  coupled  with  a  ferroelastic  phase 
transition  occurring  at  SSO'C.  This  behavior  is  attributed 
to  the  buckling  of  the  pyrogermanate  group.  Adding 
silicon  to  the  germanium  endmember  suppresses  the 
ferroelastic  phase  transition,  until  at  approximately  40 
atomic  percent  silicon  the  phase  is  no  longer  ferroelastic 
at  room-temperature  (11].  It  is  therefore  surprising 
to  find  an  incommensurate  phase  in  BTS.  especially 
without  the  appearance  of  ferroelasticity. 

Aspects  of  the  incommensurate  phase  in  BTS  are 
similar  to  those  observed  in  BTG.  The  most  obvious 
similarity  is  the  occurrence  of  the  reflevtions  at  /;  A’  1  /2 
in  both  compounds.  Only  superlattice  reflections  are 
present  in  this  level,  and  these  reflections  are  quite 
strong  relative  to  supcrlaltice  reflections  in  the  /;A  0 
level.  An  important  difference  in  the  two  incommen¬ 
surate  phases  is  that  in  BTG  the  modulation  is  along 
the  prototypic  <110)  direction,  whereas  in  BTS  it  is 
found  along  <  I  00>. 

Although  the  strain  present  in  BTS  is  evidently 
not  great  enough  to  induce  ferroelastic  behavior,  it  is 
apparently  enough  to  cause  slight  structural  distor¬ 
tions  and  the  concomitant  incommensurate  phase. 
The  cause  for  these  distortions  is  a  matter  of  speculation. 
One  possibility  is  that  barium  in  the  ten-fold  site 
causes  a  strain  in  the  basal  plane  containing  the  Si.-O- 
and  TiOj  linkage.  Certainly  it  is  the  basal  plane  that 
contains  much  of  the  strain  in  BTS.  Chang  and  Bhalla 
(6)  have  shown  that  only  the  r,,.  c,;.  and  elastic 
constants  are  affected  by  the  phase  transition.  Other 
indications  of  this  strain  can  be  found  in  an  optical 
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Fig.  4.  Dark-field  image  using  several  hk  Ml  incommensurate  reflections  at  room  temperature;  (a)  observed 
contrast;  (b)  enlargement  of  region  (a);  (c)  incommensurate  reflections  utilized  are  arrowed. 


conoscopic  examination  of  BTS.  Tne  interference  figure 
expected  for  a  uniaxial  crystal  is  slightly  distorted, 
showing  the  effects  of  strain,  and  gixing  a  hint  of 
biaxial  character.  One  test  of  this  argument  would  be 
through  examination  of  (Ba.  Sr);TiSi;0. .  Strontium, 
with  a  smaller  ionic  radius,  should  not  cause  as  much 
strain  m  the  structure.  Similar  arguments  haxe  been 
advanced  to  explain  the  incommensurate  phase  in 
several  melilite  compounds  (12.  If),  which  have  a 
closely  related  structure. 

5.  CONCLUSION 

An  incommensurate  phase  is  described  in  Ba; 
TiSi;0,  for  the  first  time.  The  mcommensuration  has 
also  been  confirmed  to  occur  in  samples  previously 
examined  with  X-rays.  It  is  postulated  that  the  incom¬ 
mensurate  phase  is  responsible  for  the  properly 
anomalies  observed  at  160"C  through  a  prototype-to- 
incommensuraie  type  of  phase  transition.  The  modu¬ 
lation  in  BTS  occurs  in  a  different  direction  than  that 
found  in  the  germanium  analog,  although  both  show 
superlattice  reflections  in  the  hk\l2  level.  The 
modulation  is  suggested  to  be  associated  with  the  large 
barium  cation  causing  distortions  in  the  basal  Si^Oj 
and  TiO<  linkage. 
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Previous  work  on  Ba.TiGe.O,  crystals  has  shown  an  unusual  low-temperature  ('-223  K  on  cooling. 
'  21}  K  on  heulingi  phase  transition.  Precession  x-ray  photographs  on  BajTiGcjO,  single  crystals  show 
an  incommensurate  modulation  along  b*.  and.  for  the  first  lime,  also  along  a*.  Single  crystal  intensity  data 
confirm  the  average  structure  in  space  group  Cmm2.  There  is  positional  disorder  in  the  pyrogermanale 
groups,  and  this  is  the  probable  cause  for  the  modulated  structure.  The  low-temperature  phase  transition  is 
proposed  to  be  a  lock-m  transition,  with  the  modulation  along  a*  locking  in  at  a  value  of  }  Several 
properties,  as  well  as  other  unusual  features  of  the  low-temperature  phase  transition,  are  discussed  in  light 
of  the  proposed  lock-in  transition.  Domain  studies  show  that  the  ferroelastic  domains  are  unstable  in  the 
low-temperature  phase 

KEV  WORD.S  Ba.TiGe.O,.  ferroelastic  crystal,  incommensurate  crystal,  lock-in  phase  transition. 


I  INTRODUCTION 

The  mineral  fresnoite.  Ba2TiSi20B  (hereafter  denoted  as  BTS).  was  first  described  in 
1965  by  Alfors.  Stinson,  and  Matthews  (1965).  Since  then  it  has  received  more 
attention  from  materials  scientists  than  from  the  geological  community.  The  interest  is 
primarily  because  of  the  piezoelectric  and  pyroelectric  properties  of  the  crystal,  and 
the  relative  ease  with  which  large  transparent  crystals  may  be  synthesized.  The 
germanium  analog.  BajTiGcjOg  (hereafter  denoted  as  BTG).  has  been  investigated 
for  us  polar  properties  and  for  insight  into  its  ferroelastic  phase  transition  at 
~II23K.  The  initial  interest  in  fresnoite-typc  crystals  at  the  Materials  Research 
Laboratory  was  in  the  ability  to  form  polar  glass-ceramics  from  them.  Polar  glass- 
ceramics  are  a  unique  subgroup  of  traditional  glass-ceramics  in  that  during  recrystalli- 
zation  of  the  glass  an  oriented  microstructure  is  obtainable.  The  oriented  microstruc¬ 
ture  permits  the  polar  properties  of  the  crystal  to  be  utilized  without  the  difficulty  of 
synthesizing  a  single  crystal.  The  properties  of  polar  glass-ceramics  are  well  reviewed 
in  the  work  of  Halliyal  (1984). 

Recent  work  by  Halliyal,  Bhalia  and  Cross  ( 1986)  have  indicated  a  low-temperature 
phase  transition  previously  unreported  in  BTG.  This  phase  transition  was  first 
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temperature  CO 

Figurr  I  Dielectric  (a)  and  pyroelectric  (b)  properties  of  BTG  single  crystal  as  a  function  of  temperature. 
After  Halliyal  ei  al  1 1985) 

observed  through  pyroelectric  and  dielectric  measurements.  The  permittivity  along  c 
shows  a  very  small  decrease  at  the  transition,  dropping  from  1 1.4  to  1 1.2  (Figure  la). 
The  dissipation  factor  showed  little  change  throughout  the  temperature  range 
investigated.  At  -223  K  (on  cooling)  the  pyroelectric  coefficient  shows  a  very  sharp 
peak,  whereas  on  heating  the  peak  occurs  at  —273  K  (Figure  lb)  (Halliyal  et  al. 
(1985)).  Below  223  K  the  crystal  is  still  polar:  in  fact  the  slope  of  the  pyroelectric 
coefficient  appears  identical  above  and  below  the  sharp  peak.  Polar  glass-ceramics 
made  from  germanium-deficient  compositions  did  not  show  the  low-temperature 
phase  transition.  Halliyal  et  al.  (1985)  interpreted  this  transition  as  manifestation  of  a 
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possible  divcrtable  ferroelectric.  The  low-temperature  phase  would  be  in  cither  point 
group  m  or  1  for  the  case  of  a  divcrtable  ferroelectric.  Divcrtable  fcrroelectrics  arc 
relatively  rare,  and  there  is  some  interest  in  them  for  use  in  optical  devices.  In  addition 
the  phase  transition,  if  it  were  ferroelectric,  would  most  likely  be  improper,  because 
the  permittivity  and  dissipation  factor  did  not  show  strong  signals  at  the  transition. 
The  work  of  Halliyal  et  al.  (1985)  was  preliminary,  and  further  investigation  was 
necessary  to  clear  up  several  aspects  of  this  transition. 

Crystal  Structure  and  Phase  Relations  in  the  Ba2TiSi20g-Ba2TiGe20g  System 

The  crystal  structure  of  BTS  was  reported  concurrently  by  Masse.  Grenier  and  Durif 
(1967)  (synthetic  sample)  and  Moore  and  Louisnathan  (1967.  1969)  (mineral  speci¬ 
men).  Both  found  essentially  the  same  features;  BTS  crystallizes  in  space  group  P4bm 
(CiJ.  with  a  =  8.52  A.  c  =  5.21  A.  V  =  378  A^.  Z  =  2.  The  silicon  ions  occur  in 
pyrosilicate  groups  corner-linked  to  TiOg  square  pyramids.  This  linkage  is  parallel 
with  the  basal  {(X)lj  plane  (see  Figure  2  for  the  tetragonal  cell). 

BTG.  the  germanium  end  member,  was  first  synthesized  and  described  as  isostruc- 
tural  with  BTS  by  Masse  and  Durif  (1967).  Upon  further  investigation  by  Kimura. 
Doi.  Nanamatsu  and  Kawamura  (1973)  it  was  demonstrated  that  the  crystal  occurs  in 
the  orthorhombic  system.  These  workers  assigned  the  crystal  to  space  group  Iba2 

b 

- ► 


Figure  2  ;00l  ^  projeciion  of  BTG  crystal  structure.  Dashed  line  shows  the  protolyptc  P4bm  cell. 
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(Cll).  with  a  =  12.30  A.  6  =  135.2  A.  c  =  10.70  A.  V  =  17,794  A^  The  b  parameter  is 
approximately  1 1  x  ii.  and  the  given  c  parameter  is  twice  the  c  cell  edge  of  the  BTS 
cell.  Kimura  et  al.  (1973)  presented  photographs  of  domains  later  shown  to  be 
ferroelastic  in  nature  (Kimura,  Utsumi  and  Nanamatsu.  1976).  A  room-temperature 
"average"  structure,  ignoring  the  superstructure  in  the  b  and  c  cell  parameters,  was 
determined  by  lijima.  Marumo,  Kimura  and  Kawamura  (1981),  using  space  group 
Cmm2  (Cl.‘).  u  =  12.31  A.  6=  12.292  A,  c  =  5.366  A,  Z  =  4  (Figure  2).  These 
workers  also  reported  that  the  superlattice  reflections  responsible  for  the  assignment 
of  Iba2  disappear  at  the  ferroelastic  phase  transition. 

A  convenient  method  of  describing  ferroic  phase  transitions  has  been  developed  by 
Abrahams  and  Keve  ( 1971 ).  It  involves  writing  the  atomic  coordinates  in  terms  of  the 
symmetry  elements  lost  upon  passing  through  the  phase  transition.  From  the  study  of 
lijima  et  al.  ( 1981 ).  the  1 123  K  transition  in  BTG  may  be  described  as: 

(.\2.  >’2,  Ti)  =  (i  -  3'i,  I  -  <1.  r,)  +  A 

where  (V|.y,.c,)  represent  the  atomic  coordinates  in  one  orientation  state,  and 
(vj.  Vj.Cj)  are  the  atomic  coordinates  in  the  second  orientation  stale.  The  A  term 
represents  the  movement  the  atoms  must  undergo  in  order  to  switch  from  orientation 
state  I  to  orientation  state  2.  For  BTG  A  is  approximately  0.005  A  for  most  atoms. 
Another  important  feature  of  ferroelastic  crystals  is  the  knowledge  of  the  prototypic 
structure.  Analysis  of  the  high-temperature  structure  (at  1163K)  in  space  group 
P4bm  was  accomplished  on  BTG  by  lijima,  Marumo,  Kimura  and  Kawamura  (1982). 
Their  results  show  that  the  prototypic  structure  of  BTG  is  isostructural  with  BTS. 

Some  work  has  been  reported  on  mixed  solid-solution  Ba2TiGej0g-Ba2TiSi20g 
crvstals.  BTG  accepts  approximately  40  to  50  atomic  Si  into  the  tetrahedral  site 
before  accommodating  the  tetragonal  structure  at  room  temperatures  (Schmid, 
Genequand.  Tippmann,  Pouilly  and  Geudu.  (1979);  lijima  ei  al.  (1982)).  The 
ferroelastic  transition  temperature  is  lowered  with  increasing  Si  content,  as  shown 
hv  lijima  et  al  (1982)  reporting  a  transition  temperature  of  523  K  for 
Ba.TilSi,,  4Ge„  hl.On  Although  lijima  et  al.  (1982)  were  able  to  grow  small  trans¬ 
parent  crystals  in  the  solid-solution  region,  attempts  by  Schmid  et  al.  (1978)  to 
synthesize  mixed  composition  crystals  resulted  in  inhomogeneous  Si-Ge  distribu¬ 
tions.  Structural  information  available  on  a  BajTKSip  75Gen  2s)208  crystal  (lijima  el 
al..  1982)  shows  it  is  tetragonal  and  isostructural  with  BTS. 


2  CRYSTAL  GROWTH  OF  BajTiGejOg 

Stoichiometric  amounts  of  electronic  grade  BaCOj,  electronic  grade  Ge02.  and 
99  99",,  pure  TiOj  were  weighed,  dry-mixed,  prereacled  at  973  K  for  24  hours,  and 
melted  in  a  thick-walled  platinum  crucible.  An  inductance  furnace  was  used  to  pull  the 
crystal.  The  platinum  crucible  was  insulated  with  alumina  spheres  inside  a  zirconia- 
felt-lined  alumina  crucible.  An  alumina  cap  was  placed  over  the  assemblage  to  act  as 
an  after-heater.  The  seed  was  a  <  I (X)),., Ba2TiSi20g  crystal.  The  crystal  was 
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pulled  in  air  with  a  pulling  rate  of  2  mm/hour.  without  crucible  rotation.  After  crystal 
grow  th  was  completed  a  white  condensate  was  found  on  the  chamber  walls.  Previous 
workers  (Drafall  and  Spear,  1978)  have  shown  this  condensate  to  be  a  germanium 
phase,  probably  amorphous  GeOj. 

The  resulting  boule  (hereafter  denoted  BTG  10/13)  was  pale  yellow  in  color  and 
approximately  2  cm  in  diameter  and  2  cm  high.  It  has  been  suggested  that  the  pale 
yellow  color  in  BTS  crystals  is  because  of  the  presence  of  reduced  titanium  (Haussiihl, 
Eckstein.  Recker  and  Wallrafen.  1977).  As  is  common  in  BTG  crystals,  cracking  (both 
micro  and  macro)  occurred  throughout  the  crystal.  A  small  amount  was  crushed  for 
powder  x-ray  diffraction  characterization.  The  x-ray  powder  pattern  agreed  with  the 
published  pattern  for  BTG  (JCPDF  #  35-21 3;  indexed  as  tetragonal).  The  density  of 
a  large  piece  of  the  BTG  10/13  boule  was  measured  using  the  Archimedes  method 
(medium:  deionized  water).  A  density  of  4.80 g/cm^  was  determined,  in  good 
agreement  with  other  workers  (4.84  g/'cm^;  Kimura  et  al.,  1973).  Another  BTG  boule 
available,  kindly  provided  by  Dr.  Z.  P.  Chang  of  the  Materials  Research  Laboratory, 
was  small  and  clear.  This  crystal  was  grown  on  3/16,  and  any  discussion  of  it  will  carry 
this  notation  (BTG  3/16).  The  importance  of  this  crystal  is  that  it  does  not  show  the 
low-temperature  phase  transition. 

3  DOMAIN  STUDIES 
Experimental 

Samples  investigated  included  plates  perpendicular  to  [001],  [100]  and  [010],  [1 10] 
and  [I TO].  The  plates  were  oriented  with  a  back-reflection  Laue  camera,  parallel 
polished  with  12/(m.  3/im,  1  /imand0.3^m  Al^Oj  grit,  and  fine  polished  with  cerium 
oxide.  A  feature  common  to  these  samples  was  the  inability  to  obtain  a  very  good 
surface  finish.  The  orientation  for  the  [  1  lOJ  plates  was  approximate.  One  of  the  1 1  lO', 
plates  (parallel  to  the  growth  direction)  showed  a  propensity  to  thermal  shock  when 
removed  from  the  sample  holder. 

Two  samples  from  the  BTG  3/16  boule  were  prepared  for  optical  investigation: 
[001  ]  and  [110]  plate.  Samples  were  prepared  as  described  above. 

Room-temperature  studies  were  performed  on  a  Lcitz  polarizing  microscope.  The 
BTG  10  13  samples  were  investigated  as  a  function  of  temperature.  The  high- 
temperature  (298  to  1173  K)  experiments  were  accomplished  using  a  Leitz  Hot  Stage 
placed  on  the  Leitz  microscope.  The  low-temperature  (298  to  200  K)  work  was  done 
on  a  Nikon  polarizing  microscope  equipped  with  a  standard  U.S.G.S.  heating/cooling 
fluid  inclusion  stage. 

Results 

The  BTG  10/13  [001]  plate  shows  a  large  number  of  ferroelastic  domains,  approxi¬ 
mately  50- 100  itm  in  size,  as  shown  in  Figure  3.  Each  adjacent  domain  has  the  a  and  b 
axes  interchanged,  hence  the  term  90*’  twins.  It  should  be  noted  that  in  the  10/13 
sample  the  ferroelastic  twinning  is  pervasive,  whereas  in  the  3/16  crystal  the  twins  are 
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FigoreJ  Optical  micrographs  of  ihe  [001]  plaie.  BTG  10/13  crystal;  (a)  -283  K.;  (b)  ■^2l0K.  (c) 
'■283  K.  after  passing  through  the  low-temperature  phase  transition.  The  dark  area  visible  in  the  upper 
section  of  the  photographs  is  the  thermocouple. 


PHASE  TRANSITION  IN  Ba,TiGe,0, 


61 


often  scarce.  In  general  in  the  3/16  sample,  the  domains  occurred  along  the  edges  of 
the  sample,  or  where  it  was  cracked.  Kimura  et  al.  (1976)  detwinned  a  BTG  sample  at 
973  K  with  a  compressive  stress  of  100  kg/cm^  applied  along  [010].  Detwinning  was 
not  possible  in  the  BTG  10/13  crystal  upon  application  of  a  compressional  stress  up  to 
823  K,  possibly  because  of  the  great  number  of  twins,  or  because  the  temperature  was 
too  low. 

Upon  increasing  the  temperature  the  number  of  90°  twins  decreased,  until  at 
~  1 123  K  none  were  visible.  Above  this  temperature  a  uniaxial  figure  was  observed, 
thus  confirming  the  prototypic  crystal  system  as  tetragonal.  Similar  behavior  was 
found  previously  by  Kimura  et  al.  (1976).  After  cooling  below  1123  K  the  ferroelastic 
domains  reappeared,  and  as  is  common  in  ferroic  phase  transitions,  they  did  not 
reappear  in  the  same  location. 

The  reapparance  of  the  domains  in  different  positions  observed  on  passing  through 
the  high-temperature  phase  transition  is  in  contrast  to  the  behavior  found  at  the  low- 
temperature  transition.  Figure  3  shows  three  photographs  of  the  [001]  BTG  10/13 
plate;  Figure  3a  was  taken  at  283  K.  Figure  3b  at  213  K,  and  Figure  3c  back  at  283  K 
after  the  crystal  had  gone  through  the  phase  transition  at  the  upper  end  of  its  thermal 
hysteresis.  It  is  immediately  evident  that  the  domains  have  returned  to  the  same 
position  after  cycling  through  the  phase  transition.  Another  feature  observed  is  the 
very  small  number  of  90'  twins  found  in  the  low  temperature  phase,  indicating  that 
the  ferroelastic  twins  are  not  stable  in  the  low-temperature  phase.  Observation  of  the 
first-order  phase  transition  is  quite  dramatic;  a  “wave”  quickly  sweeps  across  the 
sample,  shifting  and  moving  the  domain  walls.  The  thermocouple  holds  the  sample 
down,  and  the  effect  this  has  on  the  domain  structure  of  the  crystal  is  unclear. 

Previous  workers  (Kimura  et  al.  1973)  have  reported  that  the  domains  found  in  the 
[001]  plates  were  the  only  ones  observed.  This  observation  is  consistent  with  the 
symmetry  assigment  of  mm2  to  BTG.  However,  in  the  BTG  10/13  crystal  another  set 
of  twins  were  found.  In  one  of  the  1 1  lOI  plates  (the  same  sample  that  was  susceptible 
to  thermal  shocking)  wavy  irregular  twins  were  observed.  These  twins  often  begin  or 
stop  at  the  cracks  associated  with  thermal  shocking.  The  angle  of  extinction  between 
the  two  twins  is  approximately  3".  The  other  { 1 10}  plate  does  not  show  this  twinning 
(nor  is  it  susceptible  to  thermal  shocking).  These  may  represent  stress  twinning,  such 
as  those  occasionally  found  in  quartz.  An  attempt  was  made  to  anneal  the  twins,  to  see 
if  the  twins  could  be  eliminated,  or  their  number  reduced.  Annealing  at  773  K  showed 
a  slight  decrease  in  the  number  of  twins,  and  a  further  reduction  in  the  size  and 
number  of  twins  was  seen  by  annealing  al  973.  This  type  of  behavior  implies  that  the 
twins  are  stress-related.  The  twins  could  conceivably  be  annealed  out.  although  it 
would  require  long  annealing  times  and  high  temperatures.  The  counterpoint  is  the 
question  of  why  the  other  1 1 10}  plate  doesn't  show  this  feature.  The  absence  may  be 
related  to  the  fact  that  the  former  plate  is  along  the  growth  direction.  The  twins  in  this 
plate  reappear  in  a  different  position  after  the  high-temperature  phase  transition  is 
passed.  If  the  twins  are  not  related  to  the  highly  stressed  state  of  the  sample,  then  the 
symmetry  of  the  BTG  10/13  crystal  may  be  lower  than  mm2. 

The  remaining  samples,  the  [100]  and  [010]  plates,  did  not  show  any  twinning. 
They  did  show  features  that  were  interpreted  as  birefringence  striations,  such  as  those 
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observed  in  silicon  (Lederhandler,  1959)  and  K(Ta.  Nb)Oj  (Scheel  and  Sommcrauer. 
1983).  Striations  such  as  these  are  attributed  to  impurity  segregation,  or  temperature 
instability  during  crystal  growth,  which  leads  to  a  strain-induced  birefringence.  In 
silicon  they  are  commonly  found  perpendicular  to  the  growth  direction,  and  this 
aspect  is  consistent  with  observations  in  the  BTG  10/13  crystal. 


4  X-RAY  PRECESSION  PHOTOGRAPHY 
Experimental 

Precession  photography,  employing  Zr-filtered  Mo  radiation,  was  used  to  examine 
the  room-temperature  BTG  structure.  For  both  the  3/16  and  10/13  BTG  crystals 
[001]  plates  were  cut  from  the  boules  and  examined  under  a  polarizing  microscope. 
Areas  without  ferroelastic  domains  were  clearly  visible  in  both  samples,  and  so  small 
crystals  were  cut  from  these  areas.  The  BTG  10/13  piece  was  approximately 
100  X  100  X  50  ^m  in  size,  while  the  BTG  3/T6  sample  size  was  approximately 
200  X  200  X  100/tm.  These  pieces  were  mounted  on  drawn  glass  fibers  with  nail 
polish  and  placed  in  a  standard  goniometer.  For  both  crystals  hkO,  hkl/2  (this 
photograph  involves  the  level  at  1/2  c  in  the  Cmm2cell),  hkl,0kl,  \kl,  2kl,  hOI,  fill,  and 
Ii2l  photographs  were  taken. 

In  addition  to  giving  an  undistorted  view  of  the  reciprocal  lattice,  the  precession 
technique  has  a  reasonably  open  experimental  apparatus.  This  aspect  was  utilized  to 
design  a  device  that  allowed  the  crystal  to  be  examined  at  low-temperatures.  The 
principle  is  to  use  a  nozzle  to  blow  cold  nitrogen  gas  onto  the  sample  and  to  cool 
through  conduction.  The  design  of  the  nozzle  is  similar  to  that  of  Post,  Schwartz  and 
Frankuchen  (1951).  Additional  features  were  gleaned  from  the  excellent  book  by 
Rudman  (1976).  To  minimize  ice  formation,  a  stream  of  warm  (room  temperature) 
nitrogen  gas  flowed  around  the  cold  stream.  The  interior  of  the  nozzle  was  coated  with 
air-dned  silver  paint  to  aid  in  insulation.  The  apparatus  was  capable  of  reaching  and 
maintaining  temperatures  as  low  as  200  K  without  appreciable  ice  formation.  As  is 
common  in  nozzles  of  this  design  the  temperature  gradients  both  across  the  opening 
and  in  depth  are  extreme.  Care  was  taken  to  center  the  nozzle  on  the  crystal  and  not  to 
move  it  during  the  exposure.  To  accommodate  the  large  temperature  gradient  the  p 
angle  was  set  at  10°.  Unfiltered  Mo  radiation  was  utilized  in  order  to  shorten  the 
exposure  times.  The  shortened  exposure  time  also  allowed  for  more  efficient  use  of  Nj 
gas.  Although  a  thermocouple  was  not  built  into  the  nozzle,  it  was  possible  to  insert  a 
thermocouple  into  the  gas-stream  near  the  crystal.  The  experiments  were  commonly 
run  at  ~2I0K.  The  temperature  stability  was  good,  although  this  feature  was  not 
critical  because  of  the  thermal  hysteresis  associated  with  the  phase  transition.  Only 
the  BTG  10/13  crystal  was  investigated  with  the  low-temperature  experiment,  and 
hk\  ,2,  hk\.  2kl  and  hi  I  photographs  were  taken.  The  geometry  of  the  camera,  and  the 
placement  of  the  nozzle,  prevented  zero-level  photographs  at  low-temperatures  from 
being  taken. 
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Room-  Temperature  Results 

Figure  4  presents  the  Okl  and  hkO  reciprocal  lattice  photographs  for  the  BTG  10/13 
crystal.  These  two  photographs  show  the  orthorhombic  symmetry  of  the  crystal  as 
well  as  the  peculiar  superlattice  reported  by  Kimura  et  al.  (1973).  It  should  be  noted 
that  although  at  first  glance  the  precession  photographs  appear  tetragonal,  the 
presence  of  the  superlattice  and  the  observed  ferroelastic  domains  rule  out  a 
tetragonal  assignment. 

Ignoring  the  superlattice  for  a  preliminary  analysis,  the  10/13  crystal  may  be 
assigned  to  space  group  Cmm2  (extinction  rules:  h  +  k  =  2n  +  1 ),  as  reported  by 
lijima  et  a/.  (1981 )  and  Schmid  et  al.  (1978).  This  space  group  assignment  is  consistent 
with  the  orientation  of  the  domains  in  relation  to  the  tetragonal  prototype.  There  is  no 
evidence  in  the  photographs,  i.e.  intensity  variations  across  pseudo-mirror  planes,  that 
the  crystal  is  of  lower  than  orthorhombic  symmetry. 

Attention  is  now  turned  to  the  superlattice.  The  zero-level  photographs  (Figure  4) 
show  the  superlattice  along  b*  only.  Schematics  representing  the  approximate 
distances  between  the  reflections,  as  measured  on  the  ..iniS.  are  given  in  Figure  5. 
(Note:  for  precession  photographs  d  =  F/Jg,  where  g  is  the  value  presented  in  Figure 
5.  F  in  this  case  is  60  mm  and  /.  is  0.7107  A).  Densitometer  readings  on  these 
photographs  would  be  helpful  in  the  interpretation;  one  was  not  available.  The  zero- 
level  case  is  shown  in  Figure  5a.  A  distance  of  6.9  mm  is  equivalent  to  the  translation 
from  h.  k.  I  to  h.  k  2.  I  in  the  Cmm2,  b  =  12.246  A,  structure.  No  second  order 
satellite  reflections  were  observed  around  the  superlattice  reflections.  Figure  6 
presents  a  three-dimensional  view  of  the  observed  reciprocal  lattice  framework  for 
BTG. 

Another  feature  observed  on  the  precession  photographs  is  the  coupling  of  the 
superlattice  along  b*  to  the  halving  of  the  c*  parameter.  The  doubling  of  c  relative  to 
the  prototypic  structure  was  reported  by  Kimura  et  al.  (1973).  and  discounted  by 
Schmid  et  al.  ( 1978).  It  is  best  shown  in  a  Ik/  (or  a  2k/)  photograph  (Figure  7).  Most 
(or  at  least  the  strongest)  of  the  supcriattice  reflections  occur  in  the  c*/2  zones,  and 
only  superlattice  reflections  occur  in  this  zone.  Figure  5b  presents  a  schematic  of  the 
superlattice  in  relation  to  the  non-superlattice  reflections  for  zones  c*/2  and  c*. 
Within  the  c*  zones  the  values  reported  are  the  same  as  those  observed  in  the  zero- 
level  photographs.  However,  along  the  c*/2  zones  the  distance  from  the  non¬ 
superlattice  reflection  (absent  in  this  case)  to  the  superlatticc  reflection  is  ~2.2  mm. 
whereas  in  the  c*  zones  this  distance  is  —2.55  mm. 

If  the  superlattice  in  the  c*,  2  and  c*  zones  arise  from  the  same  structural  distortion, 
and  they  are  not  considered  incommensurate,  the  b  cell  parameter  is  on  the  order  of 
120-130  A.  This  cell  parameter  agrees  with  the  cell  parameter  of  135  A  reported  by 
Kimura  et  al.  (1973).  and  represents  a  cell  multiplier  of  1 1.  The  assignment  of  space 
group  Iba2  by  these  workers  is  then  intimately  connected  with  the  superlattice,  and 
w  ith  the  choice  of  1 1  as  the  multiple.  In  their  assignment  of  Iba2,  the  “systematic 
absences  of  the  superlattice”  are  treated  as  part  of  the  systematic  absences  of  the 
crystal.  This  aspect  is  shown  by  comparing  Figures  5b  and  5c.  which  shows  the 
predilection  for  a  "set"  of  superlattice  reflections  to  occur  about  an  unobserved 
Cmm2  "reflection".  This  feature  was  undoubtedly  interpreted  by  Kimura  et  al.  (1973) 
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as  a  systematic  absence  rule.  Utilizing  this  observation,  and  a  b  cell  parameter  of 
-  135  A.  the  BTG  10/13  crystal  follows  the  condition  /i  +  Ic  +  /  =  2n,  the  condition 
for  body-centering. 

Such  a  large  cell  parameter  is  relatively  uncommon  in  inorganic  crystals,  although 
not  impossible.  Another  possibility  is  that  the  superlattice  falls  into  the  incommensur¬ 
ate  family:  incommensurate  or  commensurate.  To  describe  a  crystal  in  the  conven¬ 
tional  way.  three  independent  vectors  are  used  (a*,  b*,  c*).  For  incommensurate 
materials  a  fourth  vector  is  needed,  the  modulation  vector.  In  general  this  modulation 
vector,  q*.  may  be  evaluated  as; 

q*  =  (1  ±  S)p*n 

where  p*  is  a  reciprocal  lattice  cell  parameter  without  a  superlattice.  S  is  the  distortion 
factor  (dimensionless)  describing  whether  the  superlattice  is  commensurate,  <5  =  0;  or 
incommensurate,  li  ^  0,  and  n  is  the  fractional  multiplier  (e  g.  1/4,  2/3,  1/2)  that 
describes  the  commensurate  superlattice. 

The  dilTiculty  of  an  incommensurate-type  of  superlattice  in  BTG  is  finding  a  model 
that  fits  both  the  c*  and  c*/2  zones.  Along  the  c*  zones  a  superlattice  of  h*/4  fits  very 
well,  with  the  distortion  factor  approximately  0.02. 

In  the  upper-level  precession  photographs  the  superlattice  observed  along  c*/2  (see 
Figure  5b  and  c)  does  not  fit  the  b*/4  model  very  well.  Another  alternative  is  suggested 
from  the  consistent  appearance  of  the  values  2.2  and  2.55  mm  found  in  the  c*/2  zones. 
These  same  values  occur  in  the  /iitcl/2  photograph  (Figure  8;  Figure  5d  for  the 
schematic).  The  distance  of  2.2  mm  taken  from  the  film  is  very  close  to  a  fraction  of  2/3 
(0.636.  ()  =  0.04).  The  value  of  1.275  (2.55/2),  found  in  the  hkMl  photograph,  is  near 
the  fraction  1,3.  This  suggests  that  the  modulation  vector  could  better  be  described 
using  a  h*.  3  modulation.  The  appeal  of  this  model  is  that  the  shift  between  the 
superlattices  from  one  a*  zone  to  the  next,  ~0.95  mm  (Figure  5d),  can  be  explained  as 
due  to  the  incomensuration.  If,  or  when,  the  lattice  modulation  locks-in  these 
reflections  would  line  up  at  1/3  and  2/3,  and  in  a  like  manner  the  superlattice 
reflections  in  the  c*  and  c*/2  zones  would  possibly  line  up. 

It  appears  that  there  are  several  possible  explanations  available  for  the  observed 
superlattice.  The  first  is  that  the  superlattice  represents  a  unit  cell  of  12.24  x  135  x 
10.7  A.  The  second  explanation  involves  two  modulation  vectors  in  the  description  of 
the  superlattice,  with  the  first  equation  describing  the  (near)  commensurate  superlat- 
tice  along  the  c*  zones,  and  the  second  equation  describing  the  incommensurate 
modulation  in  the  c*/2  zones: 


q*  =  (1  ±  d)b*IA 
q*  =(l  ±  5)b*/3  +  c*/2. 

The  final  possibility  is  that  the  second  equation  describes  both  the  c*  and  cV2 
superlattice  reflections,  with  the  apparent  differences  being  found  in  the  incommen¬ 
surate  nature  of  the  crystal,  i.e.  the  6  factor.  Evidence  from  the  low-temperature 
precession  photographs  favor  this  model.  However,  utilizing  only  precession  photo¬ 
graphs  it  is  difficult  to  categorically  state  which  is  the  correct  model. 

The  ferroelastic  twinning  in  BTG  can  be  described  as  adjacent  twins  with 
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interchanged  a  and  b  axes.  This  type  of  twinning  would  have  the  effect  of  averaging  the 
intensities  and  positions  of  the  Cmm2  reflections,  essentially  making  the  crystal 
appear  tetragonal.  Therefore  it  is  difficult  to  discern  with  x-ray  photographs  if  the 
crystal  is  twinned,  and  to  what  extent.  Because  the  superiattice  reflections  show  the 
greatest  difference  between  the  a  and  b  axes,  twinning  would  be  readily  observed  in 
these  reflections.  Figure  8  shows  the  hfcl/2  photograph  for  the  BTG  10/13  crystal.  All 
reflections  in  this  level  are  superiattice  derived.  The  circled  area  on  Figure  8  also 
shows  very  weak  superiattice  reflections  along  a*,  where  they  were  not  expected. 
Therefore,  without  the  possibility  of  the  90°  ferroelastic  twinning,  this  would  indicate 
that  the  a*  axis  was  also  modulated.  No  evidence  of  the  twinning  is  seen  in  any  other 
photographs,  and  this  is  unexpected  if  the  crystal  was  twinned.  Evidence  from  the  low- 
temperature  precession  studies  indicate  that  the  superiattice  along  a*  is  not  because  of 
the  presence  of  ferroelastic  domains. 


Observed  Cnun2  reflections 

O  Superiattice  reflections  along  b*-c* 

^  Superiattice  reflections  along  a*-c* 

(only  observed  in  Wr  1/2  photo.) 

Figure  6  Three-dimensional  view  of  the  observed  reciprocal  lattice  framework  found  in  BTG  crystals  at 
room-temperature. 
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Figure  7  Precession  photograph  of  (he  Ikl  reciprocal  net  of  (he  BTG  10/1 3  crystal.  The  circled  area  shows 
the  superlattice  in  the  c*/2  zone.  See  figure  5b  for  a  schematic  enlargement  with  measurements. 


Figures  Precession  photograph  of  the  hk\/2  level  of  the  BTG  10/13  crystal  at  298  K.  The  circled  area 
shows  several  weak  superlattice  reflections  along  a*.  Figure  5d  shows  a  schematic. 
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Figure  9  Precession  photographs  of  the  hkV2  reciprocal  net  of  the  BTG  10/13  crystal  taken  at  (a)  298  K 
and  (b)  ~2I0K. 
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The  average  distances  between  the  »•  superlattice  at  room-temperature  are  the 
same  as  those  in  the  b*  superlattice  (hkl/2  photograph).  As  shown  in  Figure  5d  these 
are  ^  2.S5  and  0.95  mm.  Another  observation  made  is  that  the  superlattice  along  a*  is 
not  exactly  centered  with  the  b*  zones,  and  that  the  asymmetry  shown  in  Figure  5d  is 
not  affected  by  the  mirror  plane  across  {010}. 

Another  circumstantial  piece  of  evidence  against  the  twin  mode)  explanation  for  the 
superlattice  along  a*  is  found  in  the  precession  photographs  of  the  BTG  3/16  sample. 
The  BTG  3/16  boule  does  not  show  the  pervasive  twinning  found  in  the  BTG  10/13 
boule.  Yet  the  (/i/cl/2)  precession  photograph  for  the  3/16  samples  show  the 
superlattice  in  the  a*  direction.  This  observation  is  certainly  not  conclusive  proof  that 
this  superlattice  is  not  due  to  twinning. 

The  same  suite  of  precession  photographs  taken  for  the  BTG  10/13  crystal  was  also 
examined  for  the  BTG  3/16  sample.  The  two  crystals  gave  essentially  identical 
precession  photographs. 

Lovi 'Temperature  Results 

Low-temperature  precession  photographs  were  recorded  on  the  same  BTG  10/13 
crystal  used  in  the  room-temperature  study.  As  mentioned  previously,  because  of  the 
geometry  of  the  technique  only  upper-level  photographs  were  recorded.  The  2kl  and 
hll  low-temperature  photographs  are  essentially  identical  to  the  room  temperature 
ones.  Both  the  superlattice  reflections  and  the  non-superlattice  reflections  show  no 
measurable  change  in  position  or  intensity,  and  the  angular  relations  remains  s90'’. 

The  most  significant  change  is  found  in  the  hilcl/2  and  hkl  photographs.  Figure  9 
shows  two  likl/2  photographs:  one  taken  at  room-temperature  and  the  other  taken  at 
low-temperatures  (~210  K).  In  the  room-temperature  photograph  (Figure  9a)  the 
superlattice  along  a*  is  very  weak,  yet  in  the  low-temperature  photograph  it  is  nearly 
equal,  if  not  greater  in  intensity  to  the  superlattice  along  b*  (Figure  9b).  These 
photographs  display  the  orthorhombic  a*  and  b*  axes,  and  at  45°  the  prototypic 
tetragonal  axes.  Notice  that  in  the  room-temperature  photograph  the  crystal  appears 
to  be  orthorhombic;  the  { 1 10}  plane  is  not  a  mirror  plane.  However,  in  the  low- 
temperature  case  the  { 1 10}  plane  does  appear  to  be  a  mirror  plane,  giving  the  crystal  a 
tetragonal  appearance,  it  must  be  emphasized  that  this  suggested  mirror  plane  occurs 
only  with  the  hkl, 2  photographs.  The  average  distances  between  the  “sets”  of 
superlattice  reflections  in  the  a*  direction  have  decreased  at  low-temperatures  to 
~2.37  and  -  1.12  mm.  As  discussed  previously,  these  values  are  consistent  with  a 
commensurate  superlattice  of  1/3.  Another  unusual  feature  is  that  the  asymmetry 
noted  in  Figure  5d  shifts  the  other  way  in  low-temperature  phase. 

Upon  entering  into  the  low-temperature  phase  a  change  was  noticed  in  the  fikl 
precession  photograph.  On  passing  through  the  phase  transition  the  superlattice  is 
observed  occurring  along  a*,  as  shown  in  the  circled  region  in  Figure  10b.  No 
superlattice  is  observed  along  «•  at  room-temperature.  Although  the  superlattice 
reflections  observed  along  b*  in  the  room-temperature  photograph  (Figure  lOa) 
appear  to  have  become  unobservable  in  the  low-temperature  photograph,  they  are  in 
fact  there,  but  weaker  relative  to  the  room-temperature  intensity.  The  critical 
observation  is  that  the  superlattice  along  «•  is  now  commensurate  with  a  divisor  of 
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1/3.  In  relation  to  the  supcriattice  along  b*.  the  distance  between  superlattice 
reflections  in  a*  is  greater,  from  ~  1.8  mm  in  b*  to  ''-2.3  mm  in  a*.  These  measure¬ 
ments  (along  with  the  observations  in  the  low-temperature  hkXjl  photograph)  suggest 
the  appearance  of  a  commensurate  superlattice  along  a*,  while  the  superlattice  along 
b*  remains  incommensurate. 


5  DISCUSSION 

The  goal  of  this  study  was  to  gain  some  understanding  of  the  low-temperature  phase 
transition  occuring  in  BajTiGcjOg.  The  phase  transition  is  unusual  for  several 
reasons.  It  shows  a  strong  signal  in  the  pyroelectric  coefficient  pj,  yet  only  a  slight 
signature  in  the  dielectric  data.  It  has  a  relatively  rare  polar-to-polar  symmetry 
change.  The  material  is  ferroelastic,  and  the  ferroelasticity  is  coupled  with  the 
appearance  of  a  superlattice  (lijima  et  al.,  1981).  The  low-temperature  phase  transi¬ 
tion  is  evidently  composition  dependent,  as  some  samples  show  it,  while  others  do  not. 

The  dielectric  data  collected  as  a  function  of  temperature  show  the  transition  in  all 
three  crystallographic  directions  (Markgraf,  1987).  However,  the  transition  does  not 
produce  peaks  in  the  permittivity  or  dissipation  (which  are  common  in  ferroelectric 
transitions),  just  discontinuities.  In  addition,  hysteresis  loops  were  not  observed  in 
either  the  room-temperature  phase  or  the  low-temperature  one.  These  observations 
lead  to  the  conclusion  that  the  low-temperature  phase  transition  does  not  involve 
ferroelectricity.  The  pyroelectric  data  are  consistent  with  mm2  symmetry,  both  at 
room-temperature  and  low-temperature. 

The  average  structure  presented  by  lijima  et  a/.  (1981)  was  confirmed  on  data  taken 
on  the  BTG  3/16  crystal  (Markgraf,  1987).  The  BTG  10/13  crystal  was  of  insufficient 
quality  for  structure  refinement  (presumably  because  of  the  growth  striations),  but 
strong  evidence  (precession  photographs  and  MULTAN  results)  leads  to  the  conclu¬ 
sion  that  it  too  is  in  space  group  Cmm2.  The  oxygen  atoms  in  the  pyrogermanate 
groups  show  evidence  of  positional  disorder.  lijima  et  a/.  (1981)  have  shown  that  the 
oxygen  atoms  around  (at  least)  one  of  the  germanium  tetrahedra  are  prone  to 
positional  disorder.  The  oxygens  in  the  refinement  of  lijima  et  al.  (1981)  showed 
extreme  anisotropic  behavior. 

As  pointed  out  by  lijima  et  al.  (1981)  in  their  English  summary,  the  modulated 
structure  is  most  likely  derived  from  the  disorder  in  the  skewed  Ge207  groups.  This 
modulation  involves  a  “bending”  of  the  Ge^O,  groups  at  the  1 123  K  transition.  The 
bent  nature  of  the  Gej07  groups  shifts  the  0(2)  and  0(5)  atoms  off  their  special 
positions  (although  for  an  average  structure  analysis  they  remain  at  this  site),  and  thus 
skews  the  pyrogermanate  members.  Evidently  this  flexing  also  causes  shifts  in  the  0(3) 
and  0(6)  oxygens  (sec  Figure  2)  in  the  [001]  direction,  and  leads  to  the  observed 
doubling  of  the  c  lattice  parameter.  Disorder  in  the  pyrogermanate  groups  explains 
the  coupling  of  the  superlattice  in  b*  and  c*.  There  arc  in  fact  two  different  Ge207 
groups  in  BTG.  one  oriented  along  b*  and  the  other  along  a*,  and  therefore  a 
superlattice  along  a*  is  plausible.  Arguments  pro  and  con  on  the  possibility  of 
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ferroelastic  twinning  as  a  cause  for  the  superlattice  along  a*  have  been  discussed 
above,  but  there  is  one  other  point  to  be  made.  If  the  superlattice  along  a*  was  a  result 
of  tw  inning  it  should  disappear  in  the  low-temperature  phase,  because  the  ferroelastic 
domains  are  unstable  in  this  phase.  In  fact  the  reflections  become  stronger,  and  are 
present  in  the  low -temperature  lik  1  photograph.  This  observation  implies  that  BTG  is 
modulated  in  all  three-dimensions,  making  it  a  very  complex  crystal. 

The  model  suggested  for  the  low-temperature  phase  transition  from  the  analysis  of 
the  precession  studies  is  an  incommensurate  to  commensurate  lock-in  transition. 
Only  the  modulation  along  a*  locks-in  at  a  value  of  1/3;  the  superlattice  along  b* 


Figure  10  Precession  photographs  of  (he  hit  reciprocal  net  of  the  BTC  10/13  crystal  taken  at  (a)  298  K 
and  (b|  '  210  K  The  circled  region  shows  the  superlattice  along  •* 
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remains  incommensurate.  Lock-in  transitions  have  recently  received  much  attention, 
both  theoretically  and  experimentally.  Several  of  the  unusual  characteristics  of  the 
low-temperature  phase  transition  in  BTG  may  be  satisfactorily  explained  by  invoking 
a  lock-in  transition.  Attention  is  now  turned  to  those  features. 

The  first  indication  that  modulation  vectors  were  involved  in  the  low-temperature 
phase  transition  was  in  the  ultrasonic  velocity  experiments  (Markgraf,  1987).  Most 
modes  sampled  did  not  show  a  strong  anomaly  upon  passing  through  the  phase 
transition.  The  longitudinal  velocity  in  the  [00 1 J  direction  showed  a  slight  inflection, 
as  did  the  shear  modes  in  the  basal  plane.  But  these  signatures  are  small  in 
comparison  to  the  effect  of  the  phase  transition  on  the  shear  modes  propagating  down 
a,  and/or  b,  and  polarized  in  the  c  direction  (Figure  1 1).  It  is  not  possible,  because  of 
the  multi-domain  nature  of  the  sample,  to  ascertain  whether  one  direction  was 
undergoing  a  larger  change  at  the  transition;  much  information  was  lost  because  of 
the  averaging  effect  of  the  twinning.  The  velocity  data  show  that  these  modes  stiffen  at 
the  low-temperature  phase  transition. 

The  ultrasonic  velocity  data  in  our  studies  (Figure  1 1)  show  the  thermal  hysteresis 
observed  by  Halliyal  ei  al.  (1985)  in  the  piezoelectric  properties.  In  compounds  that 
are  not  modulated,  the  presence  of  thermal  hysteresis  at  a  phase  transition  generally 
indicates  a  volume  change  across  the  phase  transition.  This  volume  change  means 
that  the  process  in  going  from  one  phase  to  the  other  involves  nucleation  and  growth, 
with  the  former  being  the  more  important  parameter  (Parsonage  and  Staveley,  1978). 
In  a  like  manner  a  nucleation  and  growth  process  has  been  suggested  for  the  observed 
thermal  hysteresis  in  lock-in  transitions.  A  model  reviewed  by  Hamano  (1986) 
suggested  that  an  incommensurate  crystal  is  composed  of  commensurate  areas 
separated  by  discommensurations.  Discommensurations  are  “domain  walls”  where 
the  phase  of  the  modulation  changes  abruptly.  In  cases  where  the  incommensurate- 
commensurate  transition  leads  to  a  ferroelectric  commensurate  phase,  these  discom¬ 
mensurations  become  the  ferroelectric  domain  walls.  In  the  discommensuration 
model  the  discommensurations  are  distributed  throughout  the  incommensurate 
phase,  approximately  equal  distances  apart.  When  the  commensurate  crystal  is  heated 
above  the  lock-in  temperature  the  discommensurations  must  nucleate  on  the  underly¬ 
ing  commensurate  crystal.  This  nucleation  process  requires  an  activation  energy, 
hence  the  thermal  hysteresis.  If  this  model  holds  for  BTG,  with  a  thermal  hysteresis  of 
^45  K,  the  activation  energy  must  be  rather  high. 

This  model  for  the  thermal  hysteresis  at  an  incommensurate-commensurate  lock-in 
transition  is  an  intrinsic  effect.  Defects  may  also  contribute  to  the  thermal  hysteresis 
by  pinning  the  discommensurations  (Hamano,  1986).  Evidence  that  defects  affect  the 
low-temperature  transition  in  BTG  is  found  in  the  variation  of  the  transition 
temperature.  Often  the  transition  temperature  will  vary  by  ±5K  in  successive 
dielectric  and  pyroelectric  runs.  Another  feature  attributed  to  defects  in  incommensur¬ 
ate  crystals  is  the  fixing  of  the  incommensuration.  Addition  of  impurities  (i.e.  defects) 
often  fixes  the  incommensuration.  No  lock-in  transition  occurs  in  this  “impure" 
crystal,  whereas  in  the  “pure"  crystal  it  docs.  A  good  example  of  this  dopant  effect  is 
found  in  the  system  (Rb,  ,K,)2ZnCl«  (Hamano.  Ema  and  Hirotsu,  1981).  This  may 
be  why  the  BTG  3/16  crystal  docs  not  show  the  low-temperature  phase  transition. 
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This  point  cannot  be  discussed  further  without  a  better  understanding  of  the 
impurities  in  both  the  BTG  3/16  and  BTG  10/13  crystal,  and  so  remains  speculative. 
However,  this  model  would  explain  the  observation  of  the  superlattice  along  a*  in  the 
BTG  3/16  crystal  without  the  low-temperature  phase  transition. 

The  ferroelastic  domains  in  BTG  appear  as  a  result  of  the  1 123  K  phase  transition. 
This  phase  transition  also  stabilizes  the  modulated  structure.  In  spite  of  the  apparent 
coupling  between  the  superlattice  and  the  ferroelastic  domains  (a  very  rare  occur¬ 
rence),  the  instability  of  the  domains  in  the  low-temperature  phase  (Figure  3)  was  an 
unexpected  result.  The  instability  of  these  domains  indicates  a  rise  in  the  point-group 
symmetry  of  the  crystal,  the  most  likely  candidate  being  tetragonal  symmetry. 
Unfortunately  the  poor  optics  of  the  microscope  used  in  these  experiments  prevented 
an  interference  figure  from  being  obtained. 

If  the  low-temperature  phase  was  tetragonal,  it  would  place  BTG  in  the  very  rare 
class  of  compounds  that  have  a  low-symmetry  phase  sandwiched  between  two  higher 
symmetry  phases.  The  most  widely  known  case  is  the  ferroelectric  Rochelle  salt. 
NaKC4H408  ^H.O,  which  goes  from  P2,2,2  to  P2,  at  297  K,  and  then  back  to 
P2|2,2  at  255  K  .•’".j  and  Shirane,  1962).  BajNaNb30,5  (hereafter  denoted  as 
BNN)  shows  a  sucgcsted  phase  transition  sequence  of  4  mm  to  mm2  at  573  K,  and 
then  back  to  •>  n  ..i  at  1 10  K  (Schncck,  Primot.  Von  dcr  Miihll  and  Ravez,  1977).  The 
key  observ  uion  in  this  case  was  the  disappearance  of  the  ferroelastic  domains  in  the 
crystal  a'  1 10  K.  By  way  of  comparison,  the  low-temperature  phase  transition  in  BNN 
shows  very  little  change  in  the  dielectric  properties  (which  are  much  larger  than  BTG) 
and  has  thermal  hysteresis.  Also,  the  phase  transition  is  very  sample  dependent,  with 
quite  a  few  BNN  crystals  not  showing  it  (Schneck  and  Paquel,  1978).  Laue 
photographs  of  BNN  crystals  taken  at  80  K  and  room-temperature  are  similar 


Temparatura  (K) 

Figure  It  Ultrasonic  velocity  vs  temperature  for  shear  wave  propagating  along  an  orthorhombic  axis 
and  polarized  along  c  for  healing  and  cooling  run.  BTG  10/13  crystal. 
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(Schneck  et  al.,  1977),  indicating  that  only  small  displacements  are  involved  in  the 
phase  transition.  These  aspects  are  similar  with  the  observations  in  BTG.  The  work  on 
ihe  low-lemperalure  phase  transition  in  BNN,  however,  pre-dated  the  discovery  of  its 
incommensurate  modulation  (Toledano,  Schneck  and  Errandonca,  1986,  and  refer¬ 
ences  therein).  Us  role  in  the  phase  transition  remains  unclear. 

In  the  results  section  for  the  low-temperature  precession  studies  it  was  pointed  out 
that,  as  preliminary  analysis,  {110}  appeared  to  be  mirror  planes.  Close  examination 
of  the  intensities  of  the  superlattice  reflections  rules  out  this  mirror  plane.  There  are 
several  cases  where  the  intensity  mismatch  across  the  {110}  pseudo-mirror  planes  are 
quite  noticeable.  Figure  10b  also  shows  an  intensity  inequality  in  the  superlattice 
reflections  between  a*  and  b*.  The  variation  in  the  intensities  implies  that  the  crystal  is 
not  tetragonal. 

The  disappearance  of  the  domains  in  the  low-temperature  phase  remains  an 
unexplained  feature  of  the  BTG  crystal.  Evidently  the  strong  appearance  of  the 
superlattice  along  a*  leads  to  their  instability.  The  explanation  why  a  lock-in 
transition  causes  these  domains  to  disappear  is  unclear.  Lock-in  transitions  do  not 
generally  involve  a  change  in  the  average  crystal  structure,  although  one  case  is 
known  where  a  change  in  the  average  symmetry  occurs.  In  {N(CHj)*}2CuCl4  the 
lock-in  transition  leads  to  a  symmetry  change  of  orthorhombic  to  monoclinic 
(Sawada,  Sugiyama,  Wada  and  Ishibashi.  1980). 

Several  aspects  of  the  low-temperature  phase  transition  in  the  10/13  BTG  crystal 
have  been  satisfactorily  explained  by  postulating  a  lock-in  transition  along  a*.  What 
has  not  been  addressed  is  the  peculiar  "memory”  effect  observed  in  the  domain 
studies.  Figure  3  shows  that  ferroelastic  domains  return  to  the  same  position  after  the 
low-temperature  phase  transition.  An  explanation,  very  speculative  in  nature,  is  that 
this  behavior  is  similar  to  the  “memory”  effect  observed  in  BNN  (Toledano  et.  al., 
1986)  and  RbjZnCl*  (Unruh,  1983).  The  model  presented  by  these  authors  is  that 
crystal  imperfections  at  a  temperature  (called  the  annealing  temperature,  T^)  will 
stabilize  the  modulation  vector  and  the  associated  discommensurations;  that  is,  pin 
the  modulation.  The  crystal  then  returns  to  that  same  defect  pattern  when  it  returns  to 
that  temperature.  This  model  does  not  include  any  contribution  from  the  underlying 
lattice  pinning  the  domain  structure.  In  partirular,  when  the  incommensurate  phase  is 
stable  at  T^,  passing  from  the  commensurate  phase  to  the  incommensurate  phase  on 
healing  will  result  in  the  reoccurrence  of  the  same  discommensuration  pattern.  The 
crystal  in  effect  remembers  its  defect  structure.  In  the  case  of  the  BTG  crystal,  T^  is 
(approximately)  room-temperature,  and  the  domains  are  pinned  by  the  defects  to  the 
same  position  prior  to  the  low-temperature  phase  transition.  This  explanation  is 
speculative,  and  the  low-temperature  phase  transition  in  BTG  still  has  many  aspects 
unresolved. 
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ELASTIC  ANOMALY  IN  FRESNOITE  (BajTiSijOg)  SINGLE  CRYSTAL 
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Ultrasonic  velocities  in  fresnoite  single  crystal  along  several  directions  were  measured  from  room  temperature  to  above  200  C 
at  20  MHz.  It  was  observed  that  an  elastic  anomaly  occurs  near  IbO'C.  One  of  the  shear  mode  velocities  showed  an  anomaly  at 
about  1 30 ’C.  The  anomalies  may  be  attributed  to  a  commensurate-incommensurate  phase  transition. 


1.  Introduction 

Recently  anomalous  behaviors  in  the  dielectric, 
piezoelectric  and  pyroelectric  properties  of  a  fres¬ 
noite  ( Ba^TiSiyOs )  single  crystal  were  reported  [  I  ]. 
The  dielectric  constant,  planar  coupling  coefficient 
and  pyroelectric  coefficient  show-  a  maximum  value 
at  160  C  and  the  frequency  constant  reaches  a  min¬ 
imum  at  the  same  temperature.  The  sign  of  the  py¬ 
roelectric  coefficient,  which  is  positive  at  room  tem¬ 
perature.  becomes  negative  at  190'C. 

The  possibility  of  a  structural  phase  transition  as 
the  cause  of  the  anomaly  was  tested  by  X-ray  powder 
diffraction  patterns  taken  from  room  temperature  up 
to  400  '  C  at  intervals  of  50'  C.  No  significant  changes 
in  cither  tZ-spacings  or  intensities  were  detected  {2). 
An  analysis  of  the  intensity  data  at  24  'C  and  300'C 
also  did  not  reveal  any  change  in  the  crystal  sym¬ 
metry  or  space  group  of  the  crysial  [2],  The  origin 
of  the  anomaly  is  probably  neither  dielectric  nor  pie¬ 
zoelectric  as  described  in  ref  (I  ].  It  will  be  inter¬ 
esting  to  investigate  the  elastic  behavior  as  a  func¬ 
tion  of  temperature  near  I60’C. 

2.  Experimental 

2. 1.  Growth  of  BTS  single  crystals 

Single  crystals  of  BTS  were  grown  from  the  melt 
by  the  Czochralski  pulling  method.  Starting  mate¬ 
rials  were  BaCOy,  SiOy,  and  TiOy  in  stoichiometric 


proportion.  SiOy  was  obtained  from  silicic  acid 
SiOy  «HyO.  in  which  the  weight  percent  of  SiOy  was 
determined  in  a  preliminary  test  by  heating  the  sil¬ 
icic  acid  powder  at  250' C  for  3  h  to  remove  the  hy¬ 
dration  water.  The  mixture  of  BaCO,.  SiOj.  and  TiO;; 
powders  were  calcined  at  1090'C  for  12  h  for  the 
first  run  but  at  1250'C  for  the  later  runs.  X-ray  pow¬ 
der  diffraction  pattern  confirmed  the  complete  re¬ 
action  of  BTS  after  calcination  at  1250'C.  The 
growth  conditions  were:  pulling  rate  0.8- 1 .8  mm/h. 
crystal  rotation  20-25  rpm,  and  the  crucible  being 
stationary. 

In  the  first  run,  growth  was  initialed  from  a  Pt  wire, 
and  the  growth  direction  was  close  to  [110].  For  later 
runs,  seeds  along  [100]  and  [110]  were  also  used. 
The  [100]  direction  has  a  slower  growth  rate.  The 
grown  crystals  are  colorless  and  transparent,  about 
1 .7  cm  in  diameter  and  3.5  cm  in  length  for  the  first 
one.  and  smaller  for  the  others.  Facets  of  (001 )  and 
( 1 10)  were  noticeable. 

2.2.  L'ltrasontc  wave  velocity  measurements 

Ultrasonic  velocity  measurements  were  made  us¬ 
ing  the  pulse  superposition  method  developed  by 
MeSkimin  [3].  A  quartz  transducer  with  a  reso¬ 
nance  frequency  of  20  MHz  was  bonded  w ith  Nonaq 
stopcock  grease  to  one  face  of  a  pair  of  parallel  faces. 
Constructive  interference  between  the  train  of  input 
pulses  and  the  echos  reflected  from  the  other  face 
leads  to  the  determination  of  the  transit  time.  The 
phase  velocity  is  then  calculated  from  the  transit  time 
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and  the  thickness  of  the  sample  corrected  for  the 
thermal  expansion  [4],  Measurements  were  made  in 
the  temperature  range  from  room  temperature  to 
above  200°C.  A  thermocouple  for  the  temperature 
measurement  was  in  direct  contact  with  the  sample. 
Typical  rate  of  increase  of  the  temperature  was  about 
1 5-20 "C/h.  Satisfactory  coupling  for  ultrasonic  wave 
propagation  can  be  obtained  with  Nonaq  in  the  tem¬ 
perature  range  of  the  experiment,  and  in  one  of  the 
runs,  up  to  250 'C. 

Fresnoite  is  tetragonal  at  room  temperature.  In  the 
crystallographic  [100].  [110]  and  [001  ]  directions, 
there  are  three  pure  modes  of  propagation;  one  lon¬ 
gitudinal  and  two  shear,  the  shear  modes  in  the  [001  ] 
direction  are  degenerate.  For  the  ultrasonic  mea¬ 
surements.  samples  with  parallel  faces  normal  to  the 
[100].  [110]  and  [001  ]  directions  were  prepared. 
All  the  measurements  were  made  on  samples  cut  from 
boule  no.  1.  Because  of  the  smaller  size  of  boule  no. 
2.  only  a  sample  with  [001  ]  faces  was  prepared  and 
used  as  a  check  at  room  temperature.  Both  the  lon¬ 
gitudinal  and  shear  velocities  agree  very  well  be¬ 
tween  the  two  boules.  The  discrepancy  is  0.13%  for 
the  former  and  0.07%  for  the  latter. 


3.  Results  and  discussion 

The  velocities  as  a  function  of  temperature  along 
tlic  [  100].  [  1 10]  and  [001  ]  directions  arc  shown  in 
lig.  I  .  It  is  seen  that  anomalies  also  appear  in  the 
elastic  property.  For  the  longitudinal  waves  (curves 
a.  b.  and  c ).  with  increasing  temperature  from  room 
temperature,  the  velocities  decrease  to  a  minimum 
at  about  160"C.  After  that  a  rapid  increase  of  about 
4%  in  60 'C  occurs  for  the  [100]  and  [110]  waves 
(curves  b  and  a),  whereas  only  a  shallow  maximum 
appears  for  the  [001  ]  wave  (curve  c).  For  the  shear 
waves,  the  one  propagating  in  the  [100]  and  polar¬ 
ized  in  the  [010]  direction  also  showed  large  anom¬ 
aly  (curve  d).  However,  the  minimum  occurs  at 
about  130  =  C.  A  repetition  of  this  tun  gave  the  same 
result.  Good  contact  between  the  thermocouple  and 
the  sample  was  confirmed  after  the  run.  thus  ex¬ 
cluding  the  possibility  of  any  wrong  temperature 
reading.  For  the  other  shear  waves  in  [001  ]  and 
[110]  directions,  no  anomaly  was  observed  (curves 
e.  f,  and  g). 


0  so  100  ISO  zoo  zso 


Fig.  I  Ultrasonic  velocities  for  7  modes  in  BTS  versus  tempera¬ 
ture.  (a)  Llll  10.  (b)  LinOO;  (c)  L||001;  Id)  7TII00.  FllOlO;  le) 
71III0.  PlinO;  (f)  nillO.  PIIOOI;  (g)  7T00I.  P||100.  L  and  T 
indicate  the  propagation  direction  of  longitudinal  and  transverse 
waves  respectively.  P  indicates  the  direction  of  polarization. 
Measurements  were  made  on  heating.  For  runs  b  and  e.  data  were 
also  taken  during  cooling  (indicated  by  dots). 

Thus  large  anomalies  indeed  were  observed  in 
some  of  the  ultrasonic  velocities,  indicating  that  the 
cause  of  the  anomaly  is  probably  in  the  elastic  prop¬ 
erty.  In  some  runs  (curves  b  and  e)  in  which  data 
were  successfully  taken  during  decreasing  tempera¬ 
ture  as  indicated  by  the  solid  dots  in  fig.  I.  no  hys¬ 
teresis  was  observed  in  the  velocity  versus  temper¬ 
ature  behavior,  indicating  that  the  change  is 
reversible. 

Recent  studies  using  transmission  electron  mi- 
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croscopy  suggest  a  commensurate-incommensurate 
phase  transition  near  16l)"C  |5). 

It  IS  not  clear  why  the  shear  wave  propagating  in 
the  [100]  direction  and  polarized  in  the  (010]  di¬ 
rection  has  a  minimum  at  about  I30'C  which  is  dif¬ 
ferent  from  the  minimum  at  160°C  for  the  three  lon¬ 
gitudinal  waves.  More  studies  on  the  lattice  vibration 
using  Raman  spectroscopy  will  be  of  interest. 

The  modes  of  wave  propagation  used  in  the  pres¬ 
ent  investigation  show  clearly  the  elastic  anomalies. 
However,  in  order  to  obtain  the  complete  set  of  elas¬ 
tic  constants,  two  more  propagation  directions  for 
the  sound  wave  are  needed.  This  due  to  the  piezoe¬ 
lectric  stiffening  of  the  crystal.  As  a  result,  the  pie¬ 
zoelectric  constants  also  enter  into  the  e.xpressions 


for  the  sound  velocities.  Thus,  a  total  of  nine  un¬ 
knowns,  SIX  elastic  and  three  piezoelectric  constants, 
has  to  be  determined  simultaneously  from  the  ve¬ 
locities.  Presently,  samples  for  propagation  direc¬ 
tions  45 and  60"  away  from  thee  axis  in  the  ac  plane 
are  being  prepared.  The  results  will  be  reported  later. 
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P>roeleciric.  dielectric  and  other  properties  have  been  measured  on  naturally  occurring  hemimorphite  Zo^SIjOtIOH );  H.O 
crvsials.  Hemimorphite  has  a  strong  pyroelectric  coefTiciem  <  —45  pC/m'  ’C  at  room  temperature),  low  permittivity  and  loss, 
and  weak  piezoelectricity,  making  it  an  appealing  sensor  material.  Dehydrated  hemimorphite  is  also  polar,  and  selected  propenies 
of  this  material  are  presented. 


1.  Introduction 

The  investigation  of  polar  crystals  for  use  in  a  va¬ 
riety  of  sensor  applications  is  a  very  active  field. 
Commonly,  ferroelectric  materials  are  used  for  py¬ 
roelectric  detectors,  but  there  is  some  interest  in  non- 
ferroelectric  (polar)  crystals  with  large  pyroelectric 
coefficients.  These  materials  in  general  have  low  per¬ 
mittivity,  small  dielectric  loss,  weak  piezoelectricity 
and  do  not  show  again  effects  common  to  ferroelec¬ 
tric  materials.  Several  oxide  crystals  that  fall  into  this 
class  of  compounds  are  MjTiXjOg  ( M;  Ba.  Sr;  X:  Si, 
Ge).  M;XO,  (M:  Li.  Na;  X:  Si,  Ge),  M.XzO,  (M: 
Li.  Na;  X;  Si.  Ge).  and  MB4O7  (M;  Li.  Pb,  Sr.  Ba). 
Historically  hemimorphite  (ZnzSiaOyfOH )2  H:0) 
has  been  known  to  show  strong  polar  properties  [  1 ). 
yet  there  are  no  modern  quantitative  measurements 
of  the  property  coefficients.  In  this  paper  we  report 
on  the  dielectric,  pyroelectric,  and  related  properties 
of  single  crystals  of  hemimorphite.  Hemimorphite 
dehydrates  at  450'C.  At  still  higher  temperatures 
hemimorphite  undergoes  two  oriented  conversions 
until  willemite  (Zn2Si04)  is  obtained  [2].  The 
Zn2Si:Oi(OH)2  phase,  because  it  has  the  same 
structure  as  hemimorphite  minus  the  water  mole¬ 
cule.  should  be  polar. 


*  Dedicated  lo  Professor  Robert  E.  Newnhain  on  the  occasion 
of  his  sixtieth  birthday. 


2.  Structure 

The  structure  of  hemimorphite  has  been  the  sub¬ 
ject  of  a  number  of  investigations.  Both  X-ray  ( 3  ]and 
neutron  [4)  structure  determinations  have  been  per¬ 
formed.  Hemimorphite  consists  of  a  three-dimen¬ 
sional  framework  of  three-membered  rings  of  one 
SiOa  tetrahedron  and  two  ZnO,(OH)  tetrahedra 
oriented  perpendicular  to  (OlO).  This  linkage  cre¬ 
ates  three  types  of  cavities:  four-,  six-,  and  eight- 
membered  units  parallel  to  (00 1 )  (fig.  I ).  The  water 
molecule  is  located  close  to  the  center  of  the  large 


Fig.  I.  (OOI)  projection  of  four  unit  cells  illustrating  the 
Zn  ( OH  )0]  and  SiO.  ( stippled )  tetrahedral  framework.  After  ref. 
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powder  method  [7]  on  powdered  samples.  A  de¬ 
hydrated  sample  of  hemimorphite  was  obtained  by 
heating  the  sample  at  500°C  for  12  h.  The  resulting 
crystal  was  opaque  and  fragile. 


4.  Results  and  discussion 


Fig.  2.  (010)  projection  at  v=0.0  showing  the  location  of  the 
water  molecule.  After  ref,  (4). 

cavity,  and  is  oriented  parallel  to  (010)  through  hy¬ 
drogen  bonding  with  the  hydroxyl  groups  (fig.  2). 
We  would  like  to  reiterate  a  point  made  by  Hamilton 
and  Finney  [5]  that  compounds  with  zinc  and  sil¬ 
icon  in  tetrahedral  coordination  are  often  acentric. 
Further  investigation  into  the  acentric-related  prop¬ 
erties  of  these  materials  may  be  rewarding. 


3.  Experimental 

The  hemimorphite  crystals  used  in  this  study  were 
obtained  from  the  Smithsonian  Institute  ( Sample  No. 
147796).  and  were  collected  at  the  Potosi  Mine, 
Santa  Eulalia.  Mexico.  They  occurred  as  large  (be¬ 
tween  1  and  3  cm )  clear  single  crystals,  with  (001  ] 
as  the  growth  direction.  X-ray  diffraction  patterns 
showed  only  hemimorphite. 

In  order  to  examine  the  dielectric  and  pyroelectric 
properties  a  part  of  the  crystal  was  cut  into  a  thin 
[001]  plate,  polished,  and  electroded  with  sputtered 
gold.  The  dielectric  constant  and  dissipation  factor 
in  the  [001  ]  direction  was  measured  as  a  function 
of  temperature  (200  to  500  K)  using  an  automated 
capacitance  technique,  and  the  pyroelectric  constant 
was  determined  with  a  Byer-Roundy  ( 6  ]  technique. 
Both  measurements  were  performed  with  a  heating/ 
cooling  rate  of  4°C/min,  and  have  an  accuracy  of 
±  5%.  The  piezoelectric  i/jj  coefficient  was  measured 
with  a  Berlincourt  meter.  This  apparatus  is  in¬ 
tended  for  strongly  piezoelectric  materials,  and  was 
used  merely  to  confirm  that  hemimorphite  is  a  rel¬ 
atively  weak  piezoelectric.  The  planer  electrome¬ 
chanical  coupling  coefficient  was  measured  with 
standard  resonance  techniques.  The  second  har¬ 
monic  signal  was  tested  with  the  Kurtz  and  Perry 


The  room-temperature  pyroelectric  coefficient  for 
hemimorphite  is  -45  pC/m*  "C.  The  pyroelectric 
coefficient  is  exceptionally  high  for  a  non-ferroelec- 
tric  crystal.  Fig.  3  presents  the  pyroelectric  coeffi¬ 
cient  as  a  function  of  temperature  on  both  heating 
and  cooling  runs.  There  is  very  little  hysteresis.  The 
dielectric  constant  (A^sjat  1  MHz)  was  1 1.8,  and  the 
tangent  delta  was  in  the  range  0.002  to  0.004.  A  pie¬ 
zoelectric  djj  coefficient  of  approximately  7  pC/N 
was  measured,  and  a  planer  coupling  coefficient  of 
10%  was  obtained.  The  same  sample  gave  a  second 
harmonic  signal  ten  times  that  of  quartz.  Table  1 
summarizes  the  as  measured  properties  for  hemi¬ 
morphite.  The  pyroelectric  properties  are  quite  at¬ 
tractive  for  infrared  devices. 

Pyroelectric  materials  are  useful  as  uncooled  de¬ 
tectors  of  a  wide  variety  of  wavelengths  (infrared 
being  the  most  common;  for  a  recent  review  see  ref. 
[8]).  There  are  many  different  designs  and  appli¬ 
cations  for  these  detectors  ( fast  laser  pulse  detectors, 
pyroelectric  vidicons,  intruder  detectors,  fire  alarms, 
etc.),  and  many  different  materials  are  available  for 
these  detectors;  LiTa03,  triglycine  sulphate  (TGS), 


Fig.  3.  Pyroelectric  coefTicieni  versus  lempeniure  for 
hemimorphite. 
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Table  I 

Propemes  of  hemimorphite  and  ZnjSiiO-IOH); 


Hemimorphite 

Zn;Si30,(OH)j 

pyroelecinc  coefTicienl  (p,:  iiC/m’  'C) 

-45 

-10 

pieeoeleciric  coefTicieni  (d„;  pC/N) 

7 

sO 

planer  coupling  coelTicient  ( /i:,;  % ) 

10 

- 

SHG  signal  (limes  quanz) 

10 

dielectnc  constant  (Abj) 

11.8 

7.2 

langeni  delta 

0.003 

0.001 

Sr,,  <Ba„  ,Nb.'Oh.  modified  lead-zirconate  ceramics. 
It  IS  difficult  to  draft  a  figure  of  merit  that  covers  all 
the  applications  and  designs  available.  Aspects  of  the 
material  properties  of  hemimorphite  that  are  ap¬ 
pealing  to  the  design  engineer  are;  weak  piezoelec¬ 
tricity  (weak  microphony),  no  ferroelectricity  (and 
hence  no  poling  or  aging),  small  dielectric  constant 
(good  for  large  area  detectors)  and  low  loss  tangent 
(improved  signal/noise  ratio),  and  flat  pyroelectric 
coefficient  ( thermal  stabilization  is  not  a  serious  fac¬ 
tor).  Although  the  pyroelectric  coefficient  in  hemi¬ 
morphite  IS  smaller  the  figure  of  merit  is  quite  com¬ 
petitive  to  the  best  materials  currently  in  use.  Also 
coming  into  consideration  in  detector  design,  but  not 
discussed  here,  are  thermal  characteristics,  and  cost/ 
availability. 

Selected  properties  of  dehydrated  hemimorphite 
are  also  included  in  table  1.  The  loss  of  the  water 
molecule  results  in  a  drop  in  pyroelectric  c  . efficient 
by  a  factor  of  approximately  4.  It  is  interesting  to  note 
that  the  strong  pyroelectric  properties  are  associated 
with  the  OH  group. 


5.  Summary 

Hemimorphite  is  a  non-ferroelectric  phase  with  a 


large  pyroelectric  coefficient.  It  has  several  appealing 
aspects  for  potential  use  as  a  pyroelectric  detector, 
and  because  it  is  not  ferroelectric  will  not  depole  or 
age.  Zn>Si:07(0H);  is  also  polar,  but  with  a  much 
smaller  pyroelectric  coefficient. 
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